Investigation of material, chemical, and electrochemical properties of Li10SiP2S12-xOx and Li10[SnySi1-y]P2S12-xOx solid electrolytes by Kim, KwangHyun
Graduate Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
2020 
Investigation of material, chemical, and electrochemical 
properties of Li10SiP2S12-xOx and Li10[SnySi1-y]P2S12-xOx solid 
electrolytes 
KwangHyun Kim 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/etd 
Recommended Citation 
Kim, KwangHyun, "Investigation of material, chemical, and electrochemical properties of Li10SiP2S12-xOx 
and Li10[SnySi1-y]P2S12-xOx solid electrolytes" (2020). Graduate Theses and Dissertations. 18042. 
https://lib.dr.iastate.edu/etd/18042 
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Graduate Theses and 
Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
 
Investigation of material, chemical, and electrochemical properties  





A dissertation submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of  
 
DOCTOR OF PHILOSOPHY 
 
 
Major: Materials Science and Engineering 
 
 
Program of Study Committee: 
Steve W Martin, Major Professor 
Nicola Bowler  
Jiang Shan 
Michael D. Bartlett  
Aaron J. Rossini  
 
 
The student author, whose presentation of the scholarship herein was approved by the 
program of study committee, is solely responsible for the content of this dissertation. The 
Graduate College will ensure this dissertation is globally accessible and will not permit 
alterations after a degree is conferred. 
 
 
















TABLE OF CONTENTS 
LIST OF FIGURES ........................................................................................................... ⅵ 
LIST OF TABLES ............................................................................................................ ⅻ 
ACKNOWLEDGEMENT ............................................................................................... ⅹⅲ 
ABSTRACT ...................................................................................................................... ⅹⅳ 
 INTRODUCTION ........................................................................................1 
1.1 Thesis Introduction ....................................................................................................1 
1.2 Thesis Organization ...................................................................................................4 
1.3 Background ................................................................................................................6 
1.3.1 Solid-state Lithium Ion Battery........................................................................6 
1.3.2 Sulfide Electrolytes and High Ionic Conductivity Crystal Phase Li10GeP2S12 
(LGPS) .............................................................................................................7 
1.3.3 Cation and Anion Single and dual doping Approaches to LGPS type 
Materials ..........................................................................................................9 
1.3.4 AC impedance theory ....................................................................................10 
1.3.4.1 Ideally blocking electrodes and DC polarization ...................................... 13 
1.3.4.2 The DC ionic conductivity calculation form the DC resistance ............... 14 
1.3.4.3 Impedance fitting - DC ionic conductivity and ΔEact calculation example
................................................................................................................... 18 
1.4 Goals of Research ....................................................................................................19 
1.5 Proposed Research ...................................................................................................20 
1.5.1 Selection of Synthesis Formula of Li10SiP2S12-xOx (LSiPSO) .......................20 
1.5.2 Selection of Synthesis Formula of Li10[SnySi1-y]P2S12-xOx (LSnSiPSO) .......20 
1.6 Experimental Methods and Characterization ...........................................................21 
1.6.1 Material Synthesis ..........................................................................................21 
1.6.2 Ionic conductivity measurement ....................................................................21 
1.6.3 Spectroscopy analysis ....................................................................................21 
1.6.3.1 FT-IR (Mid-IR) analysis ........................................................................... 21 
1.6.3.2 Raman Spectroscopy ................................................................................. 22 
1.6.3.3 Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) ....... 22 
1.6.3.4 Powder X-ray Diffraction and Rietveld refinement .................................. 22 
1.6.4 Battery investigation on Li10SiP2S12-xOx and Li10[SnySi1-y]P2S12-
xOx .................................................................................................................23 
1.6.4.1 Solid electrolyte preparation ..................................................................... 23 
1.6.4.2 Symmetric and asymmetric Battery Assembly ......................................... 23 
1.6.4.3 Impedance measurement ........................................................................... 23 
1.6.4.4 Cyclic voltammetry (CV) test ................................................................... 24 
1.6.4.5 Battery cycling test with a constant current density ................................. 24 
1.7 References ................................................................................................................34 
iv 
 
 STRUCTURES AND PROPERTIES OF OXYGEN SUBSTITUTED  
LI10SIP2S12-XOX SOLID ELECTROLYTES .....................................................................39 
2.1 Abstract ....................................................................................................................39 
2.1 Introduction ..............................................................................................................40 
2.2 Experimental Section ...............................................................................................43 
2.2.1 Material synthesis ..........................................................................................43 
2.2.2 PXRD diffraction ...........................................................................................43 
2.2.3 FT-IR and Raman spectroscopic analysis ......................................................43 
2.2.4 Ionic conductivity measurements ..................................................................44 
2.2.6 NMR Spectroscopy ........................................................................................44 
2.3 Result and discussion ...............................................................................................45 
2.3.1 Lithium ion conductivity ................................................................................45 
2.3.2 Raman Spectra ...............................................................................................46 
2.3.3 IR Spectra .......................................................................................................47 
2.3.4 PXRD Diffraction Crystalline Phase Identification .......................................48 
2.3.5 Rietveld Refinement of PXRD Patterns.........................................................48 
2.3.6 31P MAS NMR spectra and spectral deconvolution.......................................49 
2.3.7 29Si MAS NMR spectra and spectral deconvolution .....................................51 
2.4 Conclusions ..............................................................................................................52 
2.5 Acknowledgments ...................................................................................................54 
2.6 References ................................................................................................................72 
 STUDY ON THE IMPROVED STRUCTURE AND PROPERTIES OF 
CATION AND ANION DOUBLE DOPED LI10[SNYSI1-Y]P2S12-XOX  SOLID 
ELECTROLYTES .............................................................................................................76 
3.1 Abstract ....................................................................................................................76 
3.2 Introduction ..............................................................................................................77 
3.3 Experimental Methods and Materials ......................................................................79 
3.3.1 Material Synthesis ..........................................................................................79 
3.3.2 Powder X-Ray diffraction Analysis ...............................................................80 
3.3.3 FT-IR and Raman spectroscopic analysis ......................................................80 
3.3.4 Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) 
Spectroscopy ..................................................................................................80 
3.3.5 Ionic conductivity measurements ..................................................................81 
3.4 Results and Discussion ............................................................................................82 
3.4.1 Ionic conductivity measurement ....................................................................82 
3.4.2 Raman and FT-IR Spectroscopy ....................................................................83 
3.4.3 Powder X-ray Diffraction ..............................................................................84 
3.4.4 Rietveld refinement on Li10[SnySi1-y]P2S12-xOx materials ..............................85 
3.4.5 Solid-state MAS NMR ...................................................................................86 
3.4.5.1 31P MAS NMR and deconvolution of spectra ........................................... 86 
3.4.5.2 29Si MAS NMR and spectral deconvolution ............................................. 87 
3.4.5.3 119Sn MAS NMR and spectral deconvolution ........................................... 88 
3.5 Conclusions ..............................................................................................................89 
3.6 Acknowledgements ..................................................................................................90 
3.7 References ..............................................................................................................120 
v 
 
 STUDY OF CHEMICAL AND ELECTROCHEMICAL PROPERTIES 
OF LI10SIP2S12-XOX AND LI10[SNYSI1-Y]P2S12-XOX SOLID ELECTROLYTES ...........124 
4.1 Abstract ..................................................................................................................124 
4.2 Introduction ............................................................................................................125 
4.3 Experimental Methods ...........................................................................................126 
4.3.1 Lithium foil Preparation ...............................................................................126 
4.3.2 Solid-State Electrolyte (SE) Preparation......................................................127 
4.3.3 Die cell Battery Assembly ...........................................................................127 
4.3.4 Impedance Measurement .............................................................................127 
4.3.5 Cyclic Voltammetry (CV) Test ....................................................................128 
4.3.6 Battery Cycling Test for the SE Stability ....................................................128 
4.4 Results and Discussion ..........................................................................................128 
4.4.1 Time Dependent Impedance Measurement..................................................128 
4.4.2 Cyclic Voltammetry Test with the Li10SiP2S12-xOx and Li10[SnySi1-y]P2S12-
xOx ................................................................................................................130 
4.4.3 Battery Cycling Test ....................................................................................132 
4.5 Conclusions ............................................................................................................133 
4.6 Acknowledgements ................................................................................................135 
4.7 References ..............................................................................................................158 
 GENERAL CONCLUSIONS AND FUTURE WORK ...........................161 
5.1 General Conclusions ..............................................................................................161 




LIST OF FIGURES 
Figure 1.1 The simple schematic of Lithium ion battery operation and consisting 
components…………………………………………………………………..25  
Figure 1.2 A fundamental concept of LGPS crystalline structure. The Li ions are hopping 
along the c-axis in the 3D frame consisted mainly of PS4 and (Ge/P)S4…….25 
Figure 1.3 The Nyquist Plot of impedance, Z ……………………………………..…….26 
Figure 1.4 The general impedance complex plane plot for an equivalent circuit. The 
arrow indicates the increasing angular frequency (ω)..............………..…….27 
Figure 1.5 The RC equivalent circuits and separation of impedance 
arc…...………………………………………………...............………..…….28 
Figure 1.6 The Nyquist plot of ideal blocking electrode with the typical RC 
circuit.………………………………………………...............………..…….29 
Figure 1.7 The menu of the fit function of the Winfit and impedance fitting at room 
temperature…………………………………………...............………..…….30 
Figure 1.8 Impedance fitting at 213K. The separation of semi-circle is distinguishable 
compared to the impedance curve at room temperature 
………………………………………………………...............………..…….31 
Figure 1.9 The LN(σ) vs 1000/T (K) plot of the Li10[Sn0.2Si0.8]P2S11.7O0.3 
sample……......................................................................................................32 
Figure 2.1 DC impedance analysis on LSiPSO samples from 25 C° to -70 C° on (a), the 
individual fitting with temperature variance with Li10SiP2S11.3O0.7 sample of 
(b), (c), and (d). From high to low temperature, a single arc element is 
separated into two arcs, one for the bulk and one for the interface………….55     
Figure 2.2 Arrhenius plot of the DC Li+ ion conductivity for LSiPSO SEs……………..56  
Figure 2.3 DC ionic conductivity at 25 ℃ and the conductivity activation energy as a 
function of x for the LSiPSO sample series………………………………….57 
Figure 2.4 Raman spectra of Li10SiP2S12-xOx SEs in three spectral regions(a) 100 to 500 
cm-1, (b) 500 to 650 cm-1 and (c) 1000 to 1800 cm-1………………………...58 




Figure 2.6 PXRD patterns and identified phases in the composition series of Li10SiP2S12-




#180319), and Li4SiS4 (COD#59708) are also shown at bottom to assist in the 
identification of some of the impurity phases that form in this compositional 
series…………………………………………………………………………60 
Figure 2.7 PXRD patterns of x = 0.7 sample, Li10SiP2S11.3O0.7. Background subtraction 
and phase deconvolution were performed using the Rietveld refinement 
method with PDXL-2…………………………………………………….....61 
Figure 2.8 Experimental PXRD patterns, phase distribution, and calculated PXRD 
patterns of Li10SiP2S12-xOx compositions…………………………………….62  
Figure 2.9 Lattice parameters and cell volume as a function of O content, x, determined 
through the Rietveld refinement method…………………………………….63 
Figure 2.10 31P MAS NMR spectra of Li10SiP2S12-xOx samples for x = 0, 0.3, 0.5, 0.7, 
0.9, 1.5, and 1.75…………………………………………………………...64 
Figure 2.11 31P Solid-state NMR spectral deconvolution for LSiPSO samples. Each 
spectrum processed for spectral deconvolution to observe local crystalline 
units. Units distinguished by sulfide, oxide, and oxy-sulfide……………....65 
Figure 2.12 31P MAS NMR of the population of local structure 
units……………………………………........................................................66  
Figure 2.13 29Si MAS NMR spectra of Li10SiP2S12-xOx samples for x = 0, 0.3, 0.5, 0.7, 
0.9, 1.5, and 1.75…………………………………………………………....67 
Figure 2.14 29Si Solid-state NMR spectral deconvolution for LSiPSO samples. Each 
spectrum processed for spectral deconvolution to observe local crystalline 
units. Si units of sulfide spices from two different phases……………….....68 
Figure 2.15 29Si NMR the population of local structure units…………………………...69 
Figure 3.1   DC impedance plots with a cryostat condition. From (a) to (f),  
RT to -100 ℃…………………………………………………………….....91 
Figure 3.2 The ionic conductivity and activation energy varied with the doped Sn and O. 
(a) the y = 0.2 and (b) the y = 0.3 materials……………………………….....92 
Figure 3.3 Various sulfide bonds from local tetrahedral units in the LGPS type crystalline 
phase of Li10[SnySi1-y]P2S12-xOx materials, (a) y = 0.2 and (b) y = 0.3………93 
Figure 3.4 (a) Mid-IR spectra of Li10[SnySi1-y]P2S12-xOx materials, y = 0.2 in the formula. 
The P-O bond around 1000 cm-1 and P-S bond around 570 cm-1 is confirmed. 
The artificial peaks are in x = 0.6 and 0.9 samples in the P-S bond region…..94 
 




                  ………………………………………………………………………………..95  
Figure 3.5 PXRD patterns and phase identification with Li10[SnySi1-y]P2S12 materials. 
Impurity phases, β-Li3PS4 (ICSD #180319) and Li7PS6 (ICSD #421130), are 
assigned from literatures……………………………………………………...96 
Figure 3.6 (a) Powder X-ray Diffraction patterns on the Li10[SnySi1-y]P2S12-xOx materials, 
y = 0.2 in the formula. The peak shifting around 2Ɵ = 30° towards to the 
higher Bragg’s angle by increase of the substituted O………………………..97  
Figure 3.6 (b) Powder X-ray Diffraction patterns on the Li10[SnySi1-y]P2S12-xOx materials, 
y = 0.3 in the formula…………………………………………………………98  
Figure 3.7 (a) Rietveld refinement with samples of y = 0.2 and x = 0…………………..99  
Figure 3.7 (b) Rietveld refinement with samples of y = 0.2 and x = 1.2. By increasing 
added O, the formed Li3PO4 is fitted after Rietveld refinement on the XRD 
patterns of samples…………………………………………………………..100 
Figure 3.8 The calculated phase distribution on each crystalline phase by Rietveld 
refinement on the LSnSiPSO samples. (a) shows the phase fraction change of 
y = 0.2 and (b) displays the phase fraction change of y = 0.3 materials. The 
Li3PO4 formation with relatively high O doped samples were observed…..101 
Figure 3.9 Unit cell parameters and volume change by the substituted O in (a) y = 0.2 and 
(b) y = 0.3 samples. The parameters were calculated by Rietveld refinement.  
                  ………………………………………………………………………………102 
Figure 3.10 (a) The measured NMR spectrum on Li10[SnySi1-y]P2S12-xOx materials are 
displayed together, y = 0.2 in the formula. The characteristic peaks of P 
centered tetrahedral local crystal units are assigned for the LGPS type, β-
Li3PS4, and Li3PO4………………………………………………………...103 
Figure 3.10 (b) The measured NMR spectrum on Li10[SnySi1-y]P2S12-xOx materials are 
displayed together, y = 0.3 in the formula. The characteristic peaks of P 
centered tetrahedral local crystal units are assigned for the LGPS type, β-
Li3PS4, and Li3PO4………………………………………………………...104    
Figure 3.11 (a) 31P MAS NMR spectral deconvolution of the y = 0.2 samples. Three 
different x values were plotted to show the development of unit distribution 
change over the substituted O in the LSnSiPS crystal structure…………..105 
Figure 3.11 (b) 31P MAS NMR spectral deconvolution of the y = 0.3 samples. Three 
different x values were plotted to show the development of unit distribution 
change over the substituted O in the LSnSiPS crystal structure…………..106 
Figure 3.12 (a) 31P MAS NMR local crystalline unit population trend of y = 0.2 of the 




Li3PS4 while the formation of oxy-sulfide units in crystalline structures and 
Li3PO4 phase increase……………………………………………………..107 
Figure 3.12 (b) 31P MAS NMR local crystalline unit population trend of y = 0.3 of the 
LSnSiPSO samples. The formation of oxy-sulfide units in crystalline 
structures, and Li3PO4 phase increase is slightly rapid compare to y =0.2 
samples…………………………………………………………………….108 
Figure 3.13 (a) Spectra of 29Si MAS NMR from the formula, Li10[SnySi1-y]P2S12-xOx and 
y = 0.2……………………………………………………………………...109 
Figure 3.13 (b) Spectra of 29Si MAS NMR from the formula, Li10[SnySi1-y]P2S12-xOx and 
y = 0.3……………………………………………………………………...110 
Figure 3.14 (a) 29Si MAS NMR spectral deconvolution of the y = 0.2 samples. Si0 unit 
from the LGPS and impurity phase, Li4SiS4 was identified……………...111 
Figure 3.14 (b) 29Si MAS NMR spectral deconvolution of the y = 0.3 samples. Si0 unit 
from the LGPS and impurity phase, Li4SiS4 was identified……………...112 
Figure 3.15 The unit population of Si0 units analyzed to determine the phase purification 
effect by the addition of Sn to the LSiPSO, the iso-LGPS structure. (a) y = 
0.2 and (b) y = 0.3………………………………………………………….113 
Figure 3.16 (a) 119Sn MAS NMR spectra. The substituted O is in the formula as x, 
Li10[SnySi1-y]P2S12-xOx, and y = 0.2………………………………………..114 
Figure 3.16 (b) 119Sn MAS NMR spectra. The substituted O is in the formula as x, 
Li10[SnySi1-y]P2S12-xOx, and y = 0.3………………………………………..115 
Figure 3.17 (a) 119Sn MAS NMR spectral deconvolution of the substituted O is in the 
formula x, Li10[SnySi1-y]P2S12-xOx, and y = 0.2……………………………116  
Figure 3.17 (b) 119Sn MAS NMR spectral deconvolution of the substituted O is in the 
formula x, Li10[SnySi1-y]P2S12-xOx, and y = 0.3……………………………117      
Figure 3.18 The Sn0 unit population trend for the both (a) y = 0.2 and (b) y = 0.3 samples 
with the O substitution…………………………………………………….118 
Figure 4.1 A simple schematic of the ASSB jacket and inner components is given. The 
assembled ASSB jacket was pressed with the top and bottom external 
electrodes was fastened with volts and nuts to apply a moderate pressure to 
the Li metal to reduce an interface separation between the SE and Li metals 
                  ………………………………………………………………………………136   





Figure 4.2 (b) Time dependent impedance measurement of the Li10SiP2S11.7O0.3 sample. 
The initial impedance was reduced by the addition of oxygen to the crystal 
structure. However, there are gradual growth of the impedance by time…..138  
Figure 4.2 (c) Time dependent impedance measurement of the Li10SiP2S11O1 sample. The 
initial impedance was reduced by the addition of oxygen to the crystal 
structure. However, there are a gradual growth of the impedance by time 
                  ………………………………………………………………………………139  
Figure 4.3 (a) Time dependent impedance measurement of the pure sulfide 
Li10[Sn0.2Si0.8]P2S12 sample. The initial impedance was significantly reduced 
by the addition of tin to the LSiPS structure. However, the impedance growth 
by time is huge and uncontrolled…………………………………………...140 
Figure 4.3 (b) Time dependent impedance measurement of the Li10[Sn0.2Si0.8]P2S11.7O0.3 
sample. The initial impedance was significantly reduced by the addition of tin 
to the LSiPS structure. The growth of the resistance was dwindled much by 
the addition of oxygen……………………………………………………...141 
Figure 4.3 (c) Time dependent impedance measurement of the Li10[Sn0.2Si0.8]P2S10.8O1.2 
sample………………………………………………………………………142 
Figure 4.4 (a) Time dependent impedance measurement of the pure sulfide 
Li10[Sn0.3Si0.7]P2S12 sample. The initial impedance was significantly reduced 
by the addition of tin to the LSiPS structure. However, the impedance growth 
by time is huge and uncontrolled…………………………………………...143 
Figure 4.4 (b) Time dependent impedance measurement of the Li10[Sn0.3Si0.7]P2S11.7O0.3 
sample. The initial impedance was significantly reduced by the addition of tin 
to the LSiPS structure. The growth of the resistance was dwindled much by 
the addition of oxygen……………………………………………………...144 
Figure 4.4 (c) Time dependent impedance measurement of the Li10[Sn0.2Si0.8]P2S10.8O1.2 
sample………………………………………………………………………145 
Figure 4.5 (a) The cyclic voltammetry measurement with the pure sulfide Li10SiP2S12 
sample. The first cycle showed the formation of the SEI by the irreversible 
chemical reaction of Si and P. The specific oxidation peaks were observed near 
0.55 and 1 V in the first cycle……………………………………………….146  
Figure 4.5 (b) The cyclic voltammetry measurement with the Li10SiP2S11.4O0.6 sample. 
The first cycle SEI formation is still observable, but it was reduced by the 
added oxygen substantially………………………………………………….147 




Figure 4.6 (a) The cyclic voltammetry measurement with the pure sulfide 
Li10[Sn0.2Si0.8]P2S12 sample. The first cycle showed an irreversible 
consumption of the SE similar to the LSiPS by SEI formation, however the 
added Sn participates to the SEI reaction. The Li+/Li redox reaction peak near 
0 V is pretty intense………………………………………………………..149 
Figure 4.6 (b) The cyclic voltammetry measurement with the Li10[Sn0.2Si0.8]P2S11.4O0.6 
sample. The first cycle SEI formation is still observable, but it was reduced by 
the added oxygen significantly………………………………………………150 
Figure 4.6 (c) The cyclic voltammetry measurement with the Li10[Sn0.2Si0.8]P2S10.8O1.2 
sample………………………………………………………………………..151  
Figure 4.7 (a) The cyclic voltammetry measurement with the pure sulfide 
Li10[Sn0.3Si0.7]P2S12 sample. It is expected that the SEI formation was 
occurred in the first CV cycle, however the intense Li+/Li redox reaction 
peak near 0 V was not observed……...………............................................152 
Figure 4.7 (b) The cyclic voltammetry measurement with the Li10[Sn0.3Si0.7]P2S11.4O0.6 
sample………………………………………………………………………..153  
Figure 4.7 (c) The cyclic voltammetry measurement with the Li10[Sn0.3Si0.7]P2S10.8O1.2 
sample………………………………………………………………………154 
Figure 4.8 (a) The battery cycling test with the Li10SiP2S11.7O0.3 sample. The battery was 
shorted completely with the applied current density of 0.2 mA/cm2……….155  
Figure 4.8 (b) The battery cycling test with the Li10[Sn0.2Si0.8]P2S11.7O0.3 sample. The 
applied current density of 0.3 mA/cm2 was the limit condition to the tested 
battery. The overpotential voltage was developed over 5 V eventually with the 
increase of the resistance from the SE and Li metal interface……………...156   
Figure 4.8 (c) The battery cycling test with the Li10[Sn0.3Si0.7]P2S11.7O0.3 sample. The 
applied current density of 0.3 mA/cm2 was the limit condition to the tested 











LIST OF TABLES 
Table 1.1 The exported impedance fitting data of Li10[Sn0.2Si0.8]P2S11.7O0.3 ....................33 
Table 1.2 The measured resistance and calculated variables. ............................................33 
Table 2.1 XRD powder diffraction data of Li10SiP2S11.5O0.7 and Li10SiP2S11.1O0.9 by 
Rietveld refinement method. ..................................................................................70 
Table 2.2 31P NMR crystal structure unit population upon sulfide, oxide, and oxy-sulfide 
species. ...................................................................................................................71 
Table 3.1 XRD powder diffraction data of Li10[Sn0.2Si0.8]P2S12 and 





I would like sincerely thank Dr. Steve W. Martin for providing me a great 
opportunity to work on the sulfide-based solid-state electrolyte project. I have learned a 
new scientific field that I never worked in South Korea, and I have been able to forge my 
skills to be a better researcher and expert under Dr. Martin’s great guidance and 
encouragement. I would also like to thank Dr. Nicola Bowler, Dr. Shan Jiang, Dr. 
Michael Bartlett, and Dr. Aaron Rossini on my advisory committee and providing 
additional technical guidance. 
I would like to send my great thanks to the Glass Optical Material research group 
members for their help, support, advice and encouragement, especially Steven Kmiec, 
Guantai Hu, Adriana Joyce, Harold Sandahl and Jacob Lovi.  
I also have to thank to my parents, my father Hyun-Il Kim and my mother Nam-
Chul Lee, and other my family members, for their love and support.  
I would like to thank to NASA EPSCoR grant NNX13AD36A, ARPA-E contracts 
DE-AR0000778 and De-AR0000654, and KBR through contract TXS0158103 to support 
my scholarship. 
Finally, I hope time I spent in Iowa State University would be a good springboard 
to success, and I believe it reminds me people I met and worked together in Ames in my 







With the increasing demand and desire for stronger power and longer life of 
lithium ion batteries, the lithium ion battery (LIB) system is needed to be developed into 
next level while it is overcoming the traditional safety issues originated from the use of 
organic liquid electrolyte. By the physically strong and none volatile feature of solid, one 
of the simplest and best way to replace the organic liquid electrolyte apply the solid-state 
electrolyte and establish the all solid-state battery (ASSB). Furthermore, the ASSB 
system can give an advantage to use Alkali metals to LIB system as electrode that has 
much huge potential capacity compared to the commercialized current cathode and anode 
LIB materials.  
This research studies two sulfide-based solid-state electrolytes, Li10SiP2S12-xOx 
(LSiPSO) and Li10[SnySi1-y]P2S12-xOx (LSnSiPSO), a crystalline material based on the 
Li10GeP2S12 (LGPS) high Li
+ ion conductive material. The initial Li+ ion conductivity 
increase and optimization was observed with the substitution of oxygen into crystal 
structure of Li10SiPS12, and it is a new phenomenon not confirmed with the LGPS and its 
oxygen substitution. Further spectroscopy and crystallography analysis reveals that there 
is a formation of oxy-sulfide phase. The phase purification effect by the added oxygen is 
also observed that it is consuming impurity phases and coverts them into the high Li+ ion 
conductive LGPS like phase. However, a high oxygen substitution gives a trade-off 
between the phase purity and Li+ ion conductivity of material. The high addition of 
oxygen causes a phase degradation into oxide crystalline phase. The investigation of 




substitution but it is much enhanced with the additional substitution of tin. The improved 
phase purification effect is expected that it was possible to form a much close crystal 
structure to the parent LGPS by the distribution of large ion sized tin to the LSiPSO 
structure.  
Finally, ASSB assembled with the LSiPSO and LSnSiPSO samples as SE with Li 
metal electrode. The impedance and cyclic voltammetry (CV) analysis of the LSiPSO 
and LSnSiPSO exhibit a formation of solid electrolyte interface (SEI) layer which leads a 
consumption/deformation of the solid-state electrolyte and Li metal. CV analysis reveals 
chemical reactions such as redox reaction of Si, Sn, S, and P on the interface between the 
SE and Li metal. The cycled batteries failed with a constant current density of 0.3 
mA/cm2. However, the LSnSiPSO samples showed more stable cycling behavior than the 














1.1 Thesis Introduction 
Over the past decade, lithium-ion batteries (LIBs) have become very important. The 
advancement of LIBs from the first LIB developed by Sony in the 1990s has been able to apply various 
applications such devices as the digital camera, cell phones, navigations for vehicles, and etc. [1, 4, 7, 9, 
11]. The current usage on LIBs requires more enhancement for the battery performance in the aspect of 
ling life charge/discharge cycle ability, high power, and high capacity, those technologies will grow 
with battery development and becoming a promising industry in the future more and more by the 
electrical vehicle (EV) and energy storage system (ESS) market growth [2, 3, 5, 8, 22]. 
 To reach the next level of battery performance, LIBs have some issues continued from the dawn 
of the first generation of LIBs research. A simple schematic of a LIB is shown in Fig. 1.1 shows the 
current LIBs system using an organic liquid electrolyte (OLE). The OLE has been used for the current 
applications. However, the OLE is volatile and flammable and has been issued a safety issue itself, and 
several battery accidents in the past have been reported [4, 10, 11, 12]. The safety issue from OLEs can 
be easily avoided and overcome by replacing the state of electrolyte into the solid-state [13-18]. The 
solid-state electrolyte is thermally and physically stable than the OLE, thus this features less chance to 
catch gasification, firing, and volumetric expansion [13]. In the aspect of cost efficiency for industry, 
the solid electrolyte (SE) is generally expected to get smaller volume occupation compared to the OLE 
for battery assembly. Finally, the hardness of solid-state is a factor that possibly accommodates Li metal 
electrode for the battery system. One of the first approaches using Li metal as the electrode in the LIB 
system has not been agreed on for the successful LIB system by the dendrite growth and short-circuiting 
of the battery [9, 19, 20, 21, 22]. The Li metal capacity as anode or cathode material is over 10 times 




circuit shorting by the dendrite growth and the flame and explosion accident under the presence of metal 
impurity in the battery system makes the standing of Li metal as electrode unstable [23, 24].  
 Although the SE and the solid-state LIB is attractive and having a high potential for the future 
battery industry, the ionic conductive of SEs has been required to be improved. The improvement of 
ionic conductivity is because of the lower ionic conductive ability of SEs compared to OLE so far. The 
typical ionic conductivity of the OLE is achieving ~10-2 (cm)-1 at RT while many polymer, glass, 
ceramic, and ceramic-glass SEs have much lower lithium ionic conductivity from 10-7 to 10-3 (Ωcm)-1 
range [1, 16, 25].  One instance of the oxide glassy solid electrolyte (GSE) is LIPON showing its ionic 
conductivity ~10-5 (Ωcm)-1 [1, 16, 25, 26, 27]. However, their low ionic conductivity and following 
further utilization for producing a thin film for commercial use is still a disadvantage. In contrast, the 
sulfide glass, ceramic, and crystalline SEs are revealing relatively high ionic conductivities up to ~10-3 
(Ωcm)-1 compared to general oxide-based materials [1, 25, 28, 29, 30, 32]. For instance, 75Li2S + 
25P2S5 is reported to have an ionic conductivity of 3 x 10
-4 (Ωcm)-1 [5, 62]. The glass-ceramic materials 
are also showing a high enough ionic conductivity scale up to ~10-3 (Ωcm)-1 [5]. One example of the 
glass-ceramic materials, 70Li2S + 30P2S5, exhibits its ionic conductivity as 3.2 x 10
-3 (Ωcm)-1 [5, 62]. 
The improved ionic conductivity on the glass-ceramic materials compared to the glassy materials is 
originated from obtaining superionic phases within the glassy phase dominant environment with a 
synthesis method such as rapid melt-quenching and crystalline phase precipitation [5]. 
The crystalline materials generally in thio-LISICON analogous such as Li1.5Al0.5Ge1.5(PO4)3 
(LAGP), Li7La3Zr2O12 (LLZO), Li10GeP2S12 (LGPS), etc. are recently developed with high enough 
stability and paramount Li ionic conductivity to organic liquid electrolytes by obtaining their Li ionic 
conductivity from ~10-5 to ~10-2 (Ωcm)-1 scale [5, 6, 16, 25, 31, 33, 34]. Especially, LGPS type 
materials are achieving the highest Li ionic conductivity among both sulfide and oxide SEs [5, 6, 16, 25, 




unique crystalline structure, which allows Li ion transfer mainly dominated along with the c-axis in the 
crystal structure [5, 6, 16, 33, 34, 37-50]. On the other hand, Ge allows being replaced with other 
elements in the same column of the periodic table. Thus, the cation replaced siblings of LGPS, 
Li10SnP2S12 (LSnPS), and Li10SiP2S12 (LSiPS), has been reported [41-46, 49-51]. The LSnPS and LSiPS 
are also iso-LGPS crystalline structure and shows the high ionic conductive. However, they reveal an 
inferior Li ionic conductivity as ~ 7.8 x 10-3 and 2.3 x 10-3 (Ωcm)-1, respectively [42, 44, 45, 49, 50, 51]. 
One of the LGPS siblings, Li9.54Si1.74P1.44S11.7Cl0.3, which has the halide anion substitution to LGPS like 
crystalline structure, reported its Li ionic conductivity as 2.5 x 10-2 (Ωcm)-1, the best Li ionic 
conductivity reported so far [6].   
In this research, the starting composition, Li10SiP2S12 (LSiPS), was chosen because it has the 
highest possible Li+ ion conductivity among LGPS type crystalline materials, as determined by a 
simulation [15]. Adding oxygen to this material was expected to decrease the hygroscopic character and 
instability against atmosphere, as well as increase the chemical and electrochemical stability of the 
crystal structure. In the initial preparations of the Li10SiP2S12-xOx (LSiPSO) samples, it was observed 
that the Li+ ion conductivity of the material increased with O substitution. The enhancement of the Li+ 
ion conductivity is an intriguing, unexpected aspect because this phenomenon was not reported in the O 
substitution into LGPS in the earlier study by Sun et al. [43]. 
In continued research, Sn was added to the studied LSiPSO, with a formula of Li10[SnySi1-
y]P2S12-xOx (LSnSiPSO). A small amount of Sn incorporation in the LSiPSO crystal structure was 
expected to achieve a crystal structure close to the parent material, LGPS. It was predicted to maintain 





1.2 Thesis Organization 
This thesis is composed of five chapters. Chapter 1 introduces background information of the 
proposed research, the theories of Li ionic conductivity of the Li10GeP2S12 (LGPS) type electrolyte, and 
the cation and anion doping to LGPS type electrolytes with the Si-based LGPS type solid electrolytes. 
Chapter 2 is a published paper on the structure and properties of oxygen substitution into LSiPS. 
The synthesized Li10SiP2S12-xOx (LSiPSO) was identified as a crystalline solid mixture. The 
enhancement of the Li+ ion conductivity with the addition of oxygen was observed using direct current 
(DC) impedance based ionic conductivity measurement. The improvement of the ionic conductivity was 
not reported with the parent LGPS and oxygen doped LGPS materials. The aim of the paper was 
focused on identifying the structural similarities of the LSiPSO system to the parent LGPS, analyze the 
changes in phase distribution, and determine the local structure units. XRD and Rietveld refinement 
analysis gave general crystal structure and phase distribution information but did not provide many 
details to determine local crystal units and the incorporation trends of the added oxygen. However, the 
phase distribution analysis from XRD and Rietveld refinement showed increasing concentrations of the 
high ionically conductive phase, LSiPSO, while the primary impurity phase, β-Li3PS4, decreased in 
concentration. This is a phase purification effect caused by oxygen scavenging the impurity phases. 
Further oxygen incorporation into the LSiPSO structure caused the degradation of the LSiPSO structure 
and formation of the oxide crystal, Li3PO4. Raman and FT-IR showed simple bonding information 
including P-S, P-O, Li-S, and Si-S bonds. The 31P NMR provided critical information that shows the P 
centered tetrahedral units, including sulfide, oxy-sulfide, and oxide tetrahedra such as PS4, PS3O, PS2O2, 
PO3S, and PO4. The 
29Si NMR revealed two structures, Si0 and SiS4, from the LGPS type and Li4SiS4 
phase, respectively. However, expected silicate species including SiS3O, SiS2O2, and SiO3S, were not 
observed in the NMR spectra. Thus, the NMR results showed that the substituted oxygen atoms 




Chapter 3 presents a study of cation/anion double doping to the LSiPSO system. The synthesized 
Li10[SnySi1-y]P2S12-xOx, LSnSiPSO, samples were examined using the same analysis techniques as in the 
study of LSiPSO. The measured direct current (DC) ionic conductivity was ~ 3 x 10-4 (Ωcm)-1, slightly 
lower than the LSiPSO samples. The phase identification using XRD, showed the LGPS like phase and 
β-Li3PS4 as before, and a new phase: Li7PS6. However, the concentrations of the impurity phases were 
reduced significantly compared to the LSiPSO study, as expected with the addition of Sn. FT-IR and 
Raman analysis showed P-O and P-S bonds, but Si-O bonding was not observed. 31P and 29Si MAS 
NMR showed various P centered sulfide, oxy-sulfide, and oxide tetrahedral units as well as a SiS4 
tetrahedral unit. The 119Sn NMR showed the SnS4 tetrahedral unit from the LGPS like structure, but 
there was a disordered Sn peak observed as well. The possible tin oxide species such as SnO and SnO2 
that have peaks near -400 and -600 ppm were not observed. Oxygen’s selectivity in bonding to P atoms 
in the crystal structure was apparent in this system, as with the LSiPSO system. 
Chapter 4 is focused on the chemical and electrochemical properties of the LSiPSO and 
LSnSiPSO samples from chapters 2 and 3. The time dependent impedance measurements, cyclic 
voltammetry (CV), and battery cell cycling tests were performed to observe the chemical and 
electrochemical stability and related chemical reactions. The initial impedance arcs are much smaller for 
the pure sulfide LSnSiPS samples (y =0.2 and 0.3) compared to the pure sulfide LSiPS.  However, the 
impedance development over time showed a smaller increase for the LSiPS samples compared to the 
LSnSiPS. The increase in the impedance of the LSnSiPS was greatly reduced by the addition of oxygen, 
which means the chemical stability was improved by the substituted oxygen. The CV measurement 
showed chemical reactions mostly occurred on the surface between the SE and Li metal electrode. The 
initial surface reaction included the formation of a solid electrolyte interface (SEI) layer generated by 
the decomposition of the SE by the lithium metal. In following CV cycles, CV peaks showed various 




Finally, the impedance result of the x = 0.3 samples revealed the least impedance increase over time, 
thus those samples were selected to test in the battery cells. The battery cycling exhibited a development 
of the overpotential voltage with the tested LSiPSO0.3, LSn0.2SiPSO0.3, and LSn0.3SiPSO0.3 samples, 
however the Sn doped samples showed superior stability in the plating and stripping of Li through 
cycles.  
Chapter 5, the final chapter, will conclude the thesis with general conclusions and suggestions 
for future work toward researches in this thesis.  
 
1.3 Background 
1.3.1 Solid-state Lithium Ion Battery 
LIB system has consisted of several parts that make a circuit. Anode material for commercial 
LIB is usually graphite or carbon-based composite material, and the carbonaceous materials taking 
diffused lithium ions from the cathode side that is called commonly "lithiation." A cathode is generally 
crystalline lithium-metal-oxide material and the primary source of lithium ions in the battery system. 
Cathode needs to have a stable character upon crystalline phase change or structure memory for 
releasing and accepting lithium ions by charge and discharge battery cycling. To avoid a direct circuit 
electrolyte and separator, an electrolyte is needed to be ionphilic and electronphobic. 
The use of Li metal as anode material, leads the Li dendrite growth [23, 24, 33, 52-54]. This is 
dangerous and a threat to LIB systems when Li dendrite penetrates the separator and makes a 
connection between both electrode sides. The direct contact for anode and cathode conveys the fast flow 
of electron, and this is a manageable condition to accumulate heat and energy inside of the battery cell 
becoming explosion or fire [53, 54]. However, the growth of Li dendrite can be prevented physically by 
any impervious material against Li. Thus, developing electronically insulating property is important, but 




LIB systems. On another aspect of battery safety, the liquid electrolyte can be leaked and explosively 
reactive when the battery cell is damaged and causing secondary contamination or accident. In the case 
of solid-state electrolytes, relatively robust and hard features from solid-state significantly reduce the 
possibility of the secondary accident by battery cell damage.      
1.3.2  Sulfide Electrolytes and High Ionic Conductivity Crystal Phase Li10GeP2S12 (LGPS) 
A generally low ionic conductivity at room temperature (RT) is the biggest obstacle to replacing 
an organic liquid electrolyte into a solid type electrolyte [16, 56]. In order to overcome the inherently 
low ionic conductivity at RT, researches have been focused on an ionically conducting oxides and 
sulfides materials in the lithium super ionic conductor (LISICON), sodium super ionic conductor 
(NASICON), perovskite, garnet, lithium phosphorous oxy-nitride (LiPON), etc. [16, 56]. Among these 
candidates, sulfide-based glassy electrolytes are an interesting subject to researchers because of their 
several advantages from high ionic conductivity, a wide selection of composition, isotropic properties, 
and lack of grain boundaries [58, 59]. The typical advantages of glassy sulfide-based materials have 
been considered a better choice than crystalline phase materials [58, 59]. While conventional sulfide-
based glassy materials show benefits compared to the crystalline phase, a great advancement has been 
achieved on sulfide glassy or non-glassy materials, for example, Li2S-P2S5 system and thio-LISICON 
conductor, Li3.25Ge0.25P0.75S4, and family material, Li10GeP2S12 (LGPS). Especially, LGPS is the first 
time reported by Kamaya et al. in 2011, and its ionic conductivity was reported as 1.2 x 10-2 (Ωcm)-1, 
which is comparable to a typical organic liquid electrolyte that shows ionic conductivity typically 1 x 
10-2 (Ωcm)-1 [14-16, 33, 57]. A super high lithium ionic conductivity of LGPS is based on its structural 
units, which construct a high lithium ion diffusion pathway. A structure of LGPS consists of LiS6, 
(Ge/P)S4, and LiS4  tetrahedra and octahedra, form a 3D framework that provides a dominating 1-
dimensional ion path along with c-axis within its crystalline structure [7, 8, 14-16, 60].  The crystalline 




atomic sites can be assigned. Among them, Li1 and Li3 lithium ions have a site to site diffusion along 
the c-axis. This columned Li1 to Li3 sites resides in the 3D framework of LGPS, and it can be visualized 
LiS4 tetrahedra chain [16, 35]. The other Li atom sites, Li2 and Li4, are geometrically positioned in 
octahedral units of LiS6 octahedral site to tetrahedral site diffusion is dominating for those Li atomic 
sites unlike Li1 and Li3 site diffusion [14-16, 35-37]. Recent articles showed octahedral site to 
tetrahedral site diffusion a-b plane direction diffusion can exist under c-axis lithium diffusion 
dominating the situation, and two types of lithium ion diffusion mechanism both actively work under 
high temperature environment for material [37, 38, 57].     
Even with the unique lithium ionic conductivity as solid-state material, LGPS still exhibits the 
issues below, 
a. Lithiation occurs within the battery system in a low potential window. This leads to a 
generation 
of thiogermanate species, e.g., Li4GeS4, Li15Ge4, LiGe, and Li9Ge4 [33]. The 
electrochemically stable potential window of LGPS is from 1.75 to 2.5 V [33]. This is not 
desired for the current lithium ion battery requirement of 0 to 5V operation potential. 
b. A sensitive and reactive features of sulfide-based materials under atmosphere.   
c. Ge is a relatively high cost elemental. 
The sibling material Li10SnP2S12 (LSnPS), which shows a reasonably high ionic conductivity as 
7 x 10-3 (Ωcm)-1, has been reported to have a low range reduction potential window resemble to the 
LGPS [41-43]. Another sibling material in silicon base, Li10SiP2S12 (LSiPS) with ionic conductivity as 
2.3 x 10-3 (cm)-1, is reported as a solid solution consisted of LGPS type crystalline phase and impurity 




β-Li3PS4 is expected from orthorhombic modification by material synthesis and a factor that reduces 
ionic conductivity. 
 
1.3.3 Cation and Anion Single and dual doping Approaches to LGPS type Materials 
Since LGPS material and following sibling materials, LSnPS and LSiPS show a high Li ionic 
conductivity, introducing mixed cations for the LGPS type crystal system has been investigated. An 
early attempt by Kato et al. has been reported on the Li10(Ge1-xMx)P2S12, where X=Si and Sn [6, 49]. In 
the reported research by Yuki Kato, the crystal lattice volume increased with doped Sn and decreased 
with doped Si. However, the cell volume expansion does not provide an enhanced ionic conductivity, 
while Ge-Si system was optimized its ionic conductivity as 8.6 (mcm)-1 at room temperature with x = 
0.05 [49]. This study introduced a concept that a larger ion sized elements compared to Ge can be a 
factor that deteriorates Li ionic conductivity for the LGPS type crystalline system [49] Kun et al. 
reported a first report on the dual doping for the cation and anion in 2015 [36]. Sn and Se doped in 
LGPS system and achieved ionic conductivity optimization from 1.8 to 2.75 x 10-3 (mcm)-1 at room 
temperature compared to the original LGPS used in the article [36]. The optimized effect from the Sn 
and Se dual doping in the LGPS type crystal system was proposed as a reduction of electrostatic binding 
energy against Li+ ions by the presence of SnSe2 [36]. The O substation of Li10GeP2S12-xOx (LGPSO) 
with an x range from 0 to 1.5 increased by 0.3 was reported by Sun et al. in 2016 [43]. The ionic 
conductivity of proposed LGPSO materials was still an agreeable high ionic conductivity from 1.03 x 
10-2 to 8.43 x 10-3 (Ωcm)-1 at 298K; however, the gradually increased O concentration in the system led 
the shrinkage of crystal lattice volume and resulted in a degradation of LGPS phase [43]. A formation of 
an oxide phase, Li3PO4, was confirmed by X-ray diffraction analysis [43]. A beneficial effect of a 
partial O substitution to the LGPS system in the aspect of enhancing electrochemical stability of the 




investigated for anion substitution to LGPS type material. The Si based LGPS type crystalline material, 
Li9.54Si1.74P1.44S11.7Cl0.3, was reported by Kato et al. in 2016 [6]. The halide doped Si based LGPS type 
material is represented as the best Li ionic conductivity as 25 (mΩcm)-1 so far [6]. Lastly, the recent 
report on Li10+δ[SnySi1−y]1+δP2−δS12 by Sun et al. in 2017 achieved its best ionic conductivity as 1.1 x 10
-
2 (cm)-1 with y = 0.27 from the formula. The possible ionic conductivity optimization is expected with 
the adjusting of the Sn and Si ratio [51].     
 
1.3.4 AC impedance theory 
In the AC impedance theory, the AC voltage V(t) has a changing voltage value by time, and it 
shows a phase difference at the same time. The AC voltage can be written as below, 
V(t)=Vmsin(ωt)                                                  Eq. (1) 





The phase difference can be described as, 
I(t)=Imsin(ωt-θ)                                                    Eq.(3) 
The size of AC voltage and current can be converted into exponential function and complex 






V(t)=Vmexp(iωt)                                                  Eq. (4) 
I(t)=Imexp[i(ωt-θ)]                                                 Eq. (5)   
 








                                                        Eq. (7) 
The impedance, Z, can be expressed into separated parts, 
Z= Z’ - iZ”                                                    Eq. (8) 
(Z’: real part of Z, Z”: imaginary part of Z)                
 
The real part of Z’ is the resistance and is associated in part with the resistances in the circuit. 
The imaginary part Z” is the reactance and is associated with the capacitances and inductances of the 
circuit.  
The real and imaginary part of impedance Z can be rewritten with the phase difference, θ, as 
below, 
 
Z’ = ⎸Z⎹cos(θ)                                                        Eq. (9) 




θ =tan-1(Z”/Z’)                                                       Eq. (11) 
⎸Z⎹=√(Z′2/Z"2)                                                     Eq. (12) 
 
 
The trigonometric functions above are converted into polar coordinate system again by Euler’s 
relationship equation, 
exp(iθ)=cos(θ)+isin(θ)                                              Eq. (13) 
Z(ω)= ⎸Z⎹exp(iθ)                                                  Eq. (14) 
 
When we draw these equations in complex plane, we will get the vector diagram called as 
Nyquist plot or Cole-Cole plot as shown in Fig. 1.3. 
The relationship between Z’ and Z” will be changed by frequency and this is shown in Fig. 1.4. 
The point of impedance is moving by the change of frequency angle, θ. Thus, the diagram maps out a 
semi-circle in the complex plane in range of -90 ≤ θ ≤ 0.  
In the Fig. 1.4, CPE is the constant phase element and Rs is the external resistance connected to 
the main circuit. The phase angle is 0 and Z=R for a resistor. The phase angle is -90° and ZC =1/RfCdl 
for a capacitor. The phase angle is +90° and ZL =1/RfL for an inductor. 
The Warburg impedance regime is presented in the low frequency region. From the high 
frequency region, the Warburg impedance and the RC circuit components will be ignored because the 
high frequency region is generally related to the electron transfer but ion diffusion does not contribute 




inductance will be ignored generally. However, the Warburg impedance is dominant in the low 











                                                           Eq. (16) 
Here, Zw is a constant phase element, Aw is the Warburg coefficient, i is the imaginary unit, and 
ω is the angular frequency. 
The Zw has a constant phase angle as -45° and this is independent of frequency. Therefore, the 
impedance plot in the complex plane will show the Warburg impedance line with -45° angle like a tail 
from the semi-circle. When the frequency reaches much lower regime in the complex plot, the Warburg 
impedance will be developed with 90° angle generally called as the charge saturation.  
In Fig. 1.5, if the resistance and constant phase element (CPE) from both circuits is the same, the 
impedance drawing will show the one big semi-circle. However, in case that the two circuits have 
different R and CPE values, the circle will be expressed as separated two semi-circles. Finally, if one 
circuit has far less CPE component, the semi-circle will be ignored and the diagram will show one semi-
circle form another circuit.  
 
1.3.4.1 Ideally blocking electrodes and DC polarization 
In Fig 1.6, the Nyquist plot of ideal blocking electrode with the typical RC circuit is given. If the 
series RC circuit has blocking electrodes and the electrode cell do not have faradaic reactions, the 
capacitive charging will be occurred on the blocking electrodes. This is acting like an ideal capacitor 
with zero electron transfer environment. Therefore, the DC current will not be allowed while the AC 




connected blocking electrode to the RC circuit is expressed as the double layer in the Nyquist plot. With 
the low frequency regime, the capacitive charging leads the charge saturation, thus the 90° angle 
development of the Warburg impedance will be observed. Finally, the capacitive charging behavior is 
acting like the ideal DC polarization of electrodes. If the circuit (bulk) ion transfer response is fast, the 
capacitive charging also responds quickly, so that the time scale from the circuit is faster than the 
blocking electrode. 
The LSiPSO and LSnSiPSO SEs which have very high Li+ ion conductivities exhibit fast ion transfer 
response which means a very short time scale from the bulk electrolyte under room temperature or 
higher temperature. Thus, the lowering temperature can increase the capacitive charging. The charging 
rate will be different from the grain and grain boundary, thus the capacitance from the grain and grain 
boundary will be differed too. This will show the semi-circle separation as seen in the Fig. 1.5 in the 
case of the two circuits having different capacitance components.  
 
1.3.4.2 The DC ionic conductivity calculation form the DC resistance 
By the mixed conductor concept, the mixed ionic conductivity is defined as below, 
σ = σelectronic + σionic                                                     Eq. (17) 
 
The AC impedance measurement with the blocking electrodes does not allow the electron transfer and 
leads the DC polarization with the capacitive charging. Therefore, the electronic conductivity term can 
be ignored. The remaining ionic conductivity term is related to the DC impedance which can be 
described as the resistance in Ohm’s law.  Now to draw out the DC ionic conductivity, the reactance 
(capacitance + inductance) element will not be considered but the resistance, R, revealed in the complex 













 = ρ = 
𝑅𝐴
𝑑
                                                   Eq. (18) 
σ = conductivity (Ωcm)-1 
R = resistance (ohms) 
ρ = resistivity (Ωcm) 
A = area of measured sample 
d = thickness of the measured sample 
The conductivity concept above needs to be corrected with the grain and grain boundary for the 
polycrystalline materials. 
A total ionic conductivity of polycrystalline material is usually described in Eq. 19. 
 
σtotal =  
1
𝜌𝑔𝑟𝑎𝑖𝑛+ 𝜌𝑔𝑟𝑎𝑖𝑛 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦  
               
                              Eq. (19)
 
 
σtotal = Total ionic conductivity (Ω-cm)
-1  
ρgrain = Grain resistivity (Ω-cm)  
ρgrain boundary = Grain boundary resistivity (Ω-cm) 






From the Ohm’s Law,  
𝐽k=𝜎kj𝐸𝑗                                                        Eq. (20) 
 
J = Current density (A/cm2) 
σ = Conductivity ((Ω-cm)-1) 
E = Electric field (V/cm) 
 
In case of this research, synthesized samples are having only mobile species lithium ions, species 
k, and the sum of mobile species can be included and expressed with Eq. 20. 
 
𝜎=Σ𝑛k |𝑍𝑒|k 𝜇k                                                 Eq. (21) 
 
n = Mobile ion concentration (m-3)  
Z = Valence (dimensionless)  
e = Fundamental charge (1.602 x 10-19 C)  








From the Nernst-Einstein equation, 
 
𝜇(𝑇)𝑘𝐵𝑇=|𝑍𝑒|k𝐷k                                              Eq. (22) 
D = Diffusion coefficient (m2/s) 
 
The Arrhenius temperature dependence of conductivity can be expressed with an exponential 
function. 
 










                                            Eq. (23) 
 
σo = Pre-exponential factor ((Ω-cm)
-1)  
ΔEact = Activation energy (eV)  
kB = Boltzmann’s constant (8.617 x 10
-5 eV/K)  
T = Absolute temperature (K) 
Alternatively, the Boltzmann constant, kB, can be expressed as the gas constant, R, in the 
equation above. 
 













Temperature dependent conductivity measurement can be allowed to calculate activation energy 




                                       Eq. (24-1) 
𝑠𝑙𝑜𝑝𝑒 𝑜f 𝑙𝑜𝑔10(𝜎T) (𝑣𝑠.1000/𝑇) = 
−ΔEact
2.303RT/1000
                                   Eq. (24-2) 
Δ𝐸a𝑐𝑡=− 𝑠𝑙𝑜𝑝𝑒 𝑜f 𝑙𝑜𝑔10(𝜎T) (𝑣𝑠.1000/𝑇) ∗
1000
𝑇
∗R                               Eq. (24-3) 
 
In the Eq. 24-3, the ΔEact can be calculated from the slope of log(σ) vs. 1/T plot and the gas 
constant R.  
 
1.3.4.3 Impedance fitting - DC ionic conductivity and ΔEact calculation example 
The AC measurement was carried out with Novocontrol system with the WinDeta software 
package. The measured data was loaded into the Winfit software to fit the AC impedance plot.  The fit 
functions shown in Fig. 1.7 is a typical RC parallel for each semi-circle that will be fitted by the 
software. The software package will fit the experimental impedance curves with given numbers by trial 
and error sequences.     The lowering temperature shows the direct shape change to the drawn 
impedance circle can be separated into two semi-circles. The fitted data set was exported and listed in 
Table 1.1. The DC resistance at room temperature in the Table 1.1 is r1 and the total DC resistance with 
the semi-circle separation is the combination of r1 and r2 for the total ionic conductivity from the grain 
and grain boundary.  
The measured electrolyte sample has dimensions 1.28 cm wide (w) x 1.704 cm long (l) x 1.654 




Table 1.2, the area of sample is calculated as w x l and the sample thickness is t. The DC ionic 
conductivity, resistivity, ln(σ), 1000/T were calculated and listed in the Table 1.2. From the plot of ln(σ) 
vs 1000/T (K) in Fig. 1.9, the slope calculated as -3.168 equal as is in Eq. 24-3. The gas constant, R = 
8.314 J/mol-K, is multiplied and the ΔEact = 26.347 kJ/mol was determined for the measured 
LSn0.2SiPSO0.3 sample. 
 
1.4 Goals of Research 
The goal of this research is to explore structure properties and phase distribution change on the 
proposed crystalline materials, Li10SiP2S12-xOx (LSiPSO) and Li10[SnySi1-y]P2S12-xOx (LSnSiPSO), by 
cation and anion substitution into the iso-Li10GeP2S12 (LGPS) like crystal. As mentioned above, a 
mainstream of research/development on LIBs desires the high power/capacity features for the next 
generation of LIBs. Besides, the evolution of the solid-state electrolyte is becoming a much attractive 
approach while securing battery safety and avoid the current safety issues from the organic liquid is still 
important. The understanding of the crystalline structure, phase change, and related lithium ionic 
conductivity development of the materials is enabling further engineering on the Si based LGPS oxy-
sulfide solid electrolytes for future lithium ion batteries (LIBs). Especially, Sn and Si have a cost-
efficiency advantage compared to the LGPS by the much lower market price.  
The study of the high ionic conductive Si based oxy-sulfide crystalline material has not been 
investigated, and cation and anion mixed effect for the crystal properties are far more veiled yet. 
Therefore, this study will serve to be deepening insight and knowledge for the developing of LIBs for 





1.5 Proposed Research 
1.5.1 Selection of Synthesis Formula of Li10SiP2S12-xOx (LSiPSO) 
The early simulation and predictions for the ionic conductivity of Li10SiP2S12 (LSiPS) were 
published by Justin  et al. with a simulated ionic conductivity of 2.3 x 10-2 (cm)-1, a higher ionic 
conductivity than the LGPS material, which has an ionic conductivity of 1.2 x 10-2 (Ωcm)-1  [16]. This 
high conductivity means that LSiPS is considered a suitable starting material for modification of its 
chemical and electrochemical properties by O substitution while maintaining a high ionic conductivity. 
The expected positive effects of oxygen in the LGPS type crystal lead to a structural investigation on 
LSiPS and LSnPS [61].  
1.5.2 Selection of Synthesis Formula of Li10[SnySi1-y]P2S12-xOx (LSnSiPSO) 
The LSnPS crystal has a lower ionic conductivity than LGPS, but the material has been reported 
as single crystalline material containing a low concentration of a secondary impurity, Li3PS4 [15]. 
However, Sn and Ge have a low range for the potential reduction window, around 1.75 V, that is a 
disadvantage when used as solid electrolytes in LIBs. On the other hand, the possible optimization of a 
Si-Sn double cation system with the LGPS type structure was suggested by Sun et al. [51]. A further 
investigation of Li10+δ[SnySi1−y]1+δP2−δS12 showed that a 1:4 ratio of Sn to Si creates the closest crystal 
lattice size to the LGPS structure, and the material exhibited the highest optimized ionic conductivity 
among their test samples [51]. Therefore, Sn was used as a dopant in LSiPSO system. The concentration 
of Sn must be kept low enough to avoid the effect of the Sn reduction in battery tests.  
 The y values in the Li10[SnySi1-y]P2S12-xOx system were set at 0.2 and 0.3 to mimic the crystal 





1.6 Experimental Methods and Characterization  
1.6.1 Material Synthesis 
Starting materials, Li2S, P2S5, SiS2, SnS2, and SiO2, were massed out in stoichiometric amounts. 
The chemicals were ground by a mechanical ball mill for 1 hour in nitrogen atmosphere glovebox with 
< 5ppm H2O and O2. The compound was then transferred into an Ar filled glovebox (also <5ppm H2O 
and O2) to prevent N atom incorporation in the compounds and pressed into rectangular pellets using a 
16 mm(t) x 10 mm(w) x 1.3 mm(l) die. The pellets were sealed in fully evacuated quartz tubes. The 
temperature of the solid-state reaction was determined using a phase diagram of the LGPS material as 
reported by Hori et al. [6]. The LGPS material changes into a mixture of liquid and LGPS crystal over 
848K, so the 848K was used as the highest set point of the crystallization reaction to form the LGPS 
type phase.  
 
1.6.2 Ionic conductivity measurement 
The LSiPSO and LSnSiPSO samples were loaded into specially designed impedance cells and 
placed into the insulating jacket of Novocontrol system. The impedance was measured from room 
temperature down to -100℃ at frequencies from 10-1 Hz to 10 MHz.  
 
1.6.3 Spectroscopy analysis 
1.6.3.1  FT-IR (Mid-IR) analysis  
After solid state reaction, the samples were ground into fine powder and mixed with 100mg of 
CsI before being pressed into transparent pellets. Spectra were collected with Bruker IFS 66v/S using 





1.6.3.2 Raman Spectroscopy 
The Raman spectra of both Li10SiP2S12-xOx and Li10[SnySi1-y]P2S12-xOx materials were collected 
using a Renishaw inVia dispersive spectrometer with a 488 nm laser. Samples were sealed in a custom 
Raman sample holder using vacuum grease and a glass slide to prevent air contamination upon removal 
from glovebox.  Spectra were collected over from 100 to 3200 cm-1.   
 
1.6.3.3 Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) 
31P and 29Si MAS NMR was run on Li10SiP2S12-xOx samples using a Bruker Avance II 600 
spectrometer. The dipolar 31P was run with Lamor frequency of 242 MHz, and its abundance is 100%. 
The dipolar 29Si was run with Lamor frequency of 119 MHz, and its abundance is 4.7%. For Li10[SnySi1-
y]P2S12-xOx materials, the same experiment conditions were set for the 
31P and 29Si MAS NMR 
experiments. 119Sn MAS NMR was also carried out on Sn doped samples for additional bonding 
information.  The dipolar 119Sn was run with a Lamor frequency of 223 MHz, and its abundance is 
8.59%.     
 
1.6.3.4 Powder X-ray Diffraction and Rietveld refinement 
The phase identification and phase distributions of Li10SiP2S12-xOx and Li10[SnySi1-y]P2S12-xOx 
samples were investigated using PXRD (Rigaku Smartlab) with Cu Kα radiation (λ = 1.5406 Å). A 
custom air-tight PXRD sample holder provided an inert environment to avoid reaction with O2 and 
moisture in the atmosphere. The diffraction spectra were collected from 10 to 90° with steps of 0.01° at 
a scan rate of 0.05°/sec. Crystalline properties, crystalline structures, cell parameters, phase distribution, 
etc were analyzed with further Rietveld refinement on the collected sample patterns using the Rigaku 





1.6.4 Battery investigation on Li10SiP2S12-xOx and Li10[SnySi1-y]P2S12-xOx 
1.6.4.1 Solid electrolyte preparation  
The synthesized Li10SiP2S12-xOx and Li10[SnySi1-y]P2S12-xOx samples were ground manually in an 
Ar filled glovebox. The powders were measured out to about 0.15 g to achieve a consistent ~0.70 mm 
thickness after the cold-press process. The weighed powder was put into a 13 mm diameter die, and then 
~ 900 psi pressure was applied over 10 minutes for densification.  
 
1.6.4.2 Symmetric and asymmetric Battery Assembly 
After the cold pressing of the SSE powder in the battery cell jacket, the lithium metal foil which 
had a 0.1 to 0.5 mm thickness was placed on the top side of the SSE pellet to assemble asymmetric 
cells. For the symmetric cell assemblies, the Li foil was applied on both the top and bottom sides of the 
SSE pellet. The main battery jacket was sealed with electrical insulation tape to prevent circuit making 
as well as air, and moisture contamination by leaking into the cell jacket.  
 
1.6.4.3 Impedance measurement  
Time dependent impedance measurements are conducted to determine the stability of the SSE 
against Li metal. The symmetric cell composed Li metal foils on both surfaces of SSE can show stable 
or growing impedance arc sizes depending on the chemical and electrochemical stability of the SSE. 
The operating voltages are set to 0 to 5 V with 10 mV/s current. The data was collected every 30 min 





1.6.4.4 Cyclic voltammetry (CV) test 
The cyclic voltammetry (CV) test on the electrolytes was carried out asymmetric coin cells with 
Li metal as one electrode and stainless steel as the counter electrode. The experiment was designed to 
test the stripping and plating of Li ions to check for possible reactions that occur between the electrolyte 
material and passing Li ions. The scan rate was 0.5 mV/s for three cycles on each sample.   
 
1.6.4.5 Battery cycling test with a constant current density 
Due to their observed stable time dependent impedance, LSiPSO and LSnSiPSO samples with 
an oxygen concentration of x = 0.3 was chosen for battery testing. The assembled asymmetric battery 
was tested under constant current density cycling. The current and current density were calculated based 
on the dimensions of the cold pressed SSE. The current density was set from 0.1 to 0.3 mA/cm2, 
increasing in steps of 0.1 mA/cm2. The overpotential voltage growth and short-circuiting behavior 
observed is related to the chemical and electrochemical stability of the SSE. The resulting trends and 







Figure 1.1 The simple schematic of Lithium ion battery operation and consisting components.  
 
Figure 1.2 A fundamental concept of LGPS crystalline structure. The Li ions are hopping along the c-












Figure 1.4 The general impedance complex plane plot for an equivalent circuit. The arrow indicates the 























Figure 1.8 Impedance fitting at 213 K. The separation of semi-circle is distinguishable compared to the 

























































(unitless) Temp. [K] AC Volt  [Vrms] 
3.06E+03 1.76E-10 8.15E-01 1.15E+06 1.31E-09 9.37E-01 1.00E+00 1.00E+00 2.98E+02 5.00E-04 
4.15E+03 1.25E-10 8.34E-01 1.75E+06 1.26E-09 9.35E-01 1.00E+00 1.00E+00 2.88E+02 5.00E-04 
6.12E+03 9.85E-11 8.46E-01 6.55E+10 1.31E-09 9.25E-01 1.00E+00 1.00E+00 2.78E+02 5.00E-04 
9.61E+03 1.75E-10 8.07E-01 5.24E+06 1.06E-09 9.41E-01 1.00E+00 1.00E+00 2.68E+02 5.00E-04 
6.60E+03 9.80E-12 1.00E+00 9.31E+03 6.87E-10 7.87E-01 1.01E-09 9.38E-01 2.58E+02 5.00E-04 
1.98E+04 5.78E-10 7.55E-01 6.67E+03 7.80E-11 9.17E-01 1.00E-09 9.33E-01 2.48E+02 5.00E-04 
2.47E+04 2.02E-11 9.47E-01 2.19E+04 2.74E-09 7.12E-01 1.06E-09 9.23E-01 2.38E+02 5.00E-04 
3.33E+04 7.64E-12 1.00E+00 4.97E+04 5.21E-10 7.96E-01 1.35E-09 8.88E-01 2.28E+02 5.00E-04 
4.39E+04 8.74E-12 1.00E+00 7.51E+04 6.11E-10 7.68E-01 1.35E-09 8.83E-01 2.23E+02 5.00E-04 
8.43E+04 9.27E-12 1.00E+00 1.31E+05 2.70E-10 8.23E-01 1.40E-09 8.65E-01 2.13E+02 5.00E-04 
1.35E+05 9.85E-12 1.00E+00 3.23E+05 3.14E-10 7.79E-01 1.37E-09 8.62E-01 2.03E+02 5.00E-04 
3.70E+05 1.02E-11 1.00E+00 6.78E+05 3.89E-10 7.63E-01 1.16E-09 8.72E-01 1.93E+02 5.00E-04 
4.47E+05 7.65E-12 1.00E+00 2.06E+06 9.19E-11 8.30E-01 1.19E-09 8.31E-01 1.83E+02 5.00E-04 
2.75E+06 1.69E-11 9.43E-01 3.17E+06 1.59E-10 8.54E-01 9.54E-10 8.44E-01 1.73E+02 5.00E-04 
  





DC σ  
(Ω∙cm)-1 
ln(σ/[(Ω∙cm)-1]) 1000T (K-1) 
3.06E+03 2.54E+03 3.94E-04 -7.84E+00 3.35E+00 
4.15E+03 3.45E+03 2.90E-04 -8.15E+00 3.47E+00 
1.59E+04 1.32E+04 7.56E-05 -9.49E+00 3.87E+00 
2.64E+04 2.20E+04 4.55E-05 -1.00E+01 4.03E+00 
4.66E+04 3.87E+04 2.58E-05 -1.06E+01 4.20E+00 
8.30E+04 6.90E+04 1.45E-05 -1.11E+01 4.38E+00 
1.19E+05 9.89E+04 1.01E-05 -1.15E+01 4.48E+00 
2.15E+05 1.79E+05 5.58E-06 -1.21E+01 4.69E+00 
4.58E+05 3.81E+05 2.63E-06 -1.28E+01 4.92E+00 
1.05E+06 8.71E+05 1.15E-06 -1.37E+01 5.18E+00 
2.50E+06 2.08E+06 4.80E-07 -1.45E+01 5.46E+00 
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Li10SiP2S12 (LSiPS) which has the Li10GeP2S12 (LGPS) type crystalline structure was 
synthesized by solid-state reaction and then doped with oxygen to produce oxy-sulfide compositions of 
the general formula Li10SiP2S12-xOx (LSiPSO), where 0 ≤ x ≤ 1.75. The phase distribution and local 
structural units present in the LSiPSO materials were determined via a combination of powder X-ray 
diffraction (PXRD), and Raman, FT-IR, and Solid-state NMR spectroscopies. At smaller amounts of O 
substitution for S, x < 1, in LSiPS, the structure of the LSiPSO phases became more uniform in the 
LGPS structure from smaller amounts of the impurity β-Li3PS4 and more of the oxygen-substituted 
LGPS-like structure. Consistent with this, the Li ion conductivity increases in proportion to the decrease 




conductivity was found for x = 0.7 at 3.1 (±0.4) x 10-3 (cm)-1 at 25℃. However, for x ≥0.9, the ionic 
conductivity decreased as a result of the degradation of the crystalline LGPS-like phase and a generation 
of the oxygen-rich Li3PO4 phase. 
31P and 29Si NMR were used to determine the type and concentration 
of the various P and Si short range order (SRO) structural units present as a function of x. It was 
observed that both pure sulfide, pure oxide, and mixed oxy-sulfide P and S SRO polyhedra were 
observed with the general trend being that as x increased the fraction of mixed oxy-sulfide and pure 
oxide SRO polyhedra increased. Significantly, it was found that only pure oxide orthophosphate 
polyhedra of the form PO4
-3 were observed, no pure orthosilicate SiO4
4- SRO units were observed, even 
at the highest x examined. 
 
2.1 Introduction 
Lithium ion batteries (LIBs) have become initial power sources worldwide for portable 
electronics in modern societies. The continual increase in the demands on the performance of LIBs is 
inevitable. However, recent fires and explosions of liquid electrolyte based LIBs, has called into the 
question the potential future growth in energy and power densities of organic liquid electrolyte (OLE) 
based LIBs. The main issue is the intrinsic flammability and chemical reactivity of OLEs and their 
inability to stop cell killing and fire and explosion initiating metallic Lithium dendrites when LIBs are 
used at high rates of charge and discharge. 
  As a simple way to avoid the disadvantages of the OLEs is to introduce a solid electrolyte (SE) 
in an all solid-state lithium battery (ASSLB) system. The long-term goal of lithium battery researchers 
to use Lithium metal anodes to dramatically increase the energy and power densities of LIBs is another 
important motivating factor for the use of SEs. It has been proposed that their higher physical strength 
when compared to liquid electrolytes can be effective in preventing Lithium dendrite growth. However, 




the lithium ionic conductivities are so far still too low, 10-6 to 10-4 (cm)-1 at 25℃, for SEs to compete 
with the high conductivity of typical OLEs of ~10-2 (cm)-1 [3].  
  Recently, however, the Li10GeP2S12 (LGPS) crystalline SE in the lithium germanium 
phosphorus sulfide system, Li4GeS4 – Li3PS4, has been reported by Kamaya et al. in 2011 [2]. The very 
high lithium ionic conductivity of 12 x 10-3 (cm)-1 arising from a very favorable 3-dimensional crystal 
structure of LGPS makes it a strong competitor to OLEs. The origin of the high lithium ionic 
conductivity and the mechanisms of the lithium ion diffusion has been studied in some detail [3-8]. A 
crystal structure comprised of polyhedral units and many possible lithium diffusion/transfer sites are 
considered and proposed by powder and single crystal X-ray diffraction studies to be at root of the high 
Li+ ion conductivity. 
  Compositions which are based on the isoelectric replacement of the cation Ge4+ by Si4+ have 
recently been developed with the purpose of lowering the cost of these materials arising from the high 
cost of Ge. As such, Li10SnP2S12 and Li10SiP2S12 (LSnPS and LSiPS) phases have also been shown to 
exhibit high ionic conductivities, but slightly lower than that of LGPS at 4 x 10-3 (cm)-1 and 2.3 x 10-3 
(cm)-1, respectively, while the cation replacement still maintains the original crystalline framework 
and lithium diffusion channels [9-11].  
  Oxygen (O) for sulfur (S) anion doping of LGPS-type SEs has been gaining attention as one of 
the efforts to improve the chemical and electrochemical stabilities of these materials. For example, a 
recent study explored the effects of O substitution on LGPS and its isoelectronic compositions of Sn and 
Si [12,14]. The Li9.42Si1.02P2.1S9.96O2.04 composition was reported as a single phase that has a lithium 
ionic conductivity of ~10-4 (cm)-1, which is significantly lower than that of LGPS and LSnPS [12]. 
The materials in this study were produced by using a high temperature quench rather than the typical 
mechanical milling and heat treatment method which can be very favorable from an economic 




Our work here is based upon the original predication by Ceder et al. [40]. that the conductivity 
of Li10SiP2S12 (LSiPS) was expected to be 2.3 x 10
-2 (cm)-1compared to the reported value of 1.3 x 10-
2  (cm)-1for LGPS. Therefore, this work was started in mid-2016 and the primary interest was 
established on the same composition as LGPS. The O substitution was sought in LSiPS in a manner 
similar to that previously reported by Sun et al. [14]. on LGPSO which found a consistent decrease in 
the ionic conductivity. In this work, it was observed and have provided a preliminary explanation for the 
conductivity maximum with added O to LSiPS. We expect similar behavior for the Si rich LSiPS phases 
studied by Hori et al. [16]. and this work will be reported on in the future.   
In this study, a combination of mechanical ball milling (MBM), to produce intimate mixtures of 
the starting materials that also gives rise to early stages of chemical reaction, with high temperature 
solid-state reaction was used to produce the materials. The effect of O substitution for S in LSiPS 
compositions was studied through incremental addition of O within the Li10SiP2S12-xOx (LSiPSO) 
system. An enhancement in the lithium ionic conductivity was observed for small O substitutions, x < 
0.7, but further additions produced phases with lower lithium ionic conductivities. Samples were 
examined up to an O concentration of x = 1.75. Further O additions were found to significantly reduce 
the Li+ ion conductivity and were not further studied for this reason. Powder x-ray diffraction (PXRD) 
combined with Rietveld refinement was performed for phase identification and for detailed structural 
analysis of O substitution. 31P and 29Si MAS NMR, FT-IR, and Raman spectroscopies were performed 
to determine the local environment and structure of the O doped LSiPSO crystalline phases. The 
substitution effect on the local crystalline structure to create the higher ionic conductivities of these 





2.2 Experimental Section 
2.2.1 Material synthesis 
The Li10SiP2S12-xOx materials were synthesized using a combination of MBM and elevated 
temperature solid-state reaction. Li2S (Alfa Aesar, 99.9% purity), P2S5 (Acros Organic, 98%+ purity), 
SiO2 (Aldrich, 99.9% purity), P2O5 (Fisher, 100% purity), and SiS2 (prepared in house) were weighed 
out in appropriate amounts for each sample inside a N2 filled glovebox. The weighed chemicals were 
MBM using 8800 Spex mill inside a stainless-steel mill pot and ball (φ=10 mm) at 1725 rpm for 1 hr. 
The milled powder was transferred to an Ar filled glovebox and cold pressed into a rectangular bar 
shaped pellets under 13 MPa. The pellets were sealed inside an evacuated silica glass ampule at ~10 Pa.  
Solid-state reaction of the materials was performed with the sealed ampoule heated at a rate of 1℃/min 
from room temperature to 823K and then held at 823 K for 48 hrs. The ampule was then cooled to room 
temperature at a rate of 1℃/min.  
 
2.2.2 PXRD diffraction 
The phase analysis of Li10SiP2S12-xOx samples was determined using PXRD (Rigaku Smartlab) 
with Cu Kα radiation (λ = 1.5406 Å). Samples were sealed inside an air-tight PXRD sample holder to 
avoid reaction with O2 and moisture in the atmosphere. The diffraction data were collected from 10 to 
90° using a 0.01o° step width at a scan rate of 0.05°/sec. Crystalline structures, cell parameters, bond 
distances, and phase compositions were determined using Rietveld refinement techniques through the 
Rigaku PDXL-2 software package.   
 
2.2.3 FT-IR and Raman spectroscopic analysis 
The Raman spectra were collected using a Renishaw inVia dispersive spectrometer that uses a 
488 nm laser. Spectra were collected over the range from 100 to 3200 cm-1. The IR spectra were 




cm-1 resolution. The MIR spectra of the samples were taken on pressed CsI pellets using 2 mg of sample 
and 100 mg of CsI. 
 
2.2.4 Ionic conductivity measurements 
Bar shaped slabs, 10.5 mm x 1.2 mm x 17 mm, of the synthesized powders were pressed at 13 
MPa. Dried and hardened conductive silver paste was used as the blocking electrodes and the samples 
were then loaded into specially designed hermetic sample holders. The ionic conductivity was measured 
using a Concept 80 Novocontrol Dielectric Impedance Spectrometer using their software WinDeta for 
data collection and WinFit for data analysis. Measurements were made from 10-1 to 107 Hz over the 
temperature range from -70 to 25 0C. Complex impedance plane analysis was used to extract the 
equivalent DC impedance of the samples at each temperature and these values were converted to the DC 
ionic conductivity from the cell constant of the sample k = t/A, where t is the thickness of the sample 
and A is its cross-sectional area. 
 
2.2.6 NMR Spectroscopy 
31P and 29Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy was 
performed on LSiPSO samples using a 600 MHz AvanceⅡ Bruker spectrometer. Each sample was 
packed in 4 mm zirconia rotor under the N2 environment in glovebox and the rotors spun at a frequency 
of 12 kHz. A Larmor frequency of 242.9MHz, a recycle delay of 300 s and π/2 pulse with 2μs pulse 
length was used to collect 31P MAS NMR spectra. A Larmor frequency of 119.2 MHz, a recycle delay 
of 30 s and π/2 pulse with 5μs pulse length was used to collect the 29Si MAS NMR spectra. The NMR 





2.3 Result and discussion 
2.3.1  Lithium ion conductivity 
As described above, the lithium DC ionic conductivity was determined using AC impedance 
analysis and a typical complex impedance plane plot for the x = 0.7 sample is given in Fig. 2.1 Due to 
the high ionic conductivity of these SEs, the complex plane arc arising from the bulk electrolyte is often 
convoluted with the electrode polarization processes arising from the silver blocking electrodes. For this 
reason, the complex impedance data was curve fit to the combination of the bulk conduction process 
and an electrode polarization process. An example of the fits typically achieved with these SEs samples 
is shown superimposed on the complex plane plot in Fig. 2.1 and the high quality of the fit readily 
apparent. At lower temperatures, the fits improved since the bulk resistance increased significantly, 
whereas at higher temperatures, the quality of the fit decreased due to the decreased bulk impedance 
leading to less well resolved bulk and electrode arcs. 
Figure 2.2 shows the Arrhenius plot of the Li+ ion conductivities determined from the complex 
plane analysis for some of the samples examined in this study. The data for some samples were not 
plotted for ease of clarity. As evidenced in Fig. 2.2, all of the samples have very high Li+ ion 
conductivities at 25oC, > 1 x 10-3 (cm)-1. Indeed, even at -100 oC, the conductivities are higher than the 
conductivities of most oxide Li+ ion conductors. This high Li+ ion conductivity, even at very low 
temperatures, is a further advantage of SEs for automotive applications where both low and high 
temperatures are very common. 
Figure 2.3 gives the composition dependence of the DC Li+ ion conductivity at 250C and the 
activation energy determined from the best-fit of the DC Li+ ion conductivity shown in Fig. 2.2 to the 
Arrhenius equation, Eq. (1).  













The ionic conductivity of the pure sulfide sample, x = 0, exhibited a room temperature ionic 
conductivity of 1.6 x 10-3 (cm)-1 whereas the O substituted sample with x = 0.7 showed the maximum 
ionic conductivity 3.1 x 10-3 (cm)-1. Higher O substituted samples such as x = 0.9 and 1.5 showed a 
systematically lower ionic conductivity. For these reasons, compositions with higher O substitution 
were not further studied. In the present study, it is noted that the bulk and grain boundary impedances 
were not separately determined, but rather were calculated together for each of the samples. 
As seen in Fig. 2.3, the DC Li+ ion conductivity exhibits a maximum and the activation energy 
shows a minimum at the x = 0.7 composition. The conductivities are all below that of the pure LGPS 
phase, but the added O will no doubt improve the chemical and electrochemical stabilities of these 
phases. 
 
2.3.2 Raman Spectra 
The Raman spectra are shown in Figs. 2.4(a), 4(b), and 4(c) for the three spectral regions of 
interest; (a) the most intense peaks lying in the low wavenumber region below 500 cm-1 arising from 
sulfide polyhedral vibrations, (b) the significantly weaker intensity peaks lying at higher wavenumber 
region above 500-1 arising from mixed oxy-sulfide polyhedra vibrations, and (c) the weakest intensity 
peaks above 1000 cm-1 arising from pure oxide polyhedra vibrations. We begin our analysis of the 
spectra with the dominant low frequency modes assigned to vibrations of predominantly sulfide 
polyhedra.  
Figure 2.4(a) shows two peaks at 172 and 197 cm-1 and have been assigned to S bond bending 
modes of SiS4 tetrahedra [37, 38]. Likewise, the peaks at 280 cm
-1 have been assigned to bending modes 
of PS4 tetrahedra [14,15,16,17,20,21,30,31]. The peak 390 cm
-1 is observed to increase in intensity with 
the increase of O content and corresponds to stretching modes of the SiS4 polyhedral units in the LGPS-
type crystal structure [14, 20]. The growth of this peak suggests that the added O does not form new Si-




400 cm-1. A possible manifestation of this is the O substitution into PS4 tetrahedra causing the formation 
of a new mode around 420 cm-1 arising from the formation of oxy-sulfide PS4-zOz units, where 0 < z ≤ 3, 
at the 4d atomic sites in the LGPS crystal structure [14]. The newly formed peak at ~430 cm-1 also 
grows with added O and this peak is attributed as PS4 tetrahedral unit from LGPS type crystal [14].  
In Fig. 2.4(b), the spectral features in the higher wave number region of 500 to 650 cm-1 arise 
from both contaminants, for the x = 0 composition, and newly formed silicon and phosphorous oxy-
sulfide modes. With added O, the two peaks at 535 and 570 cm-1 decrease in intensity and two new 
peaks at 580 and 595 cm-1 grow in intensity. These two peaks are assigned to the formation of oxy-
sulfide PS4-zOz units, although from Raman spectra alone, the exact values of z cannot be determined.   
Finally, Fig. 2.4(c) shows the weakest intensity peaks assigned to pure oxide polyhedra 
vibrations. Significantly, only the z = 4, pure oxide unit PO4 tetrahedral unit appears to be observed and 
its peak intensity grows in the region from 850 to 1400 cm-1 with increasing x. There does not appear to 
be any peaks assigned to the pure oxide silicate polyhedra, SiO4
4- around 850 cm-1 [39], spectral region 
not shown for clarity. 
 
2.3.3  IR Spectra 
The MIR spectra of all of the compositions are given in Fig. 2.5 and provide additional 
information regarding phosphorous – O, and S - O bonding in the LSiPSO crystalline phases. Recall, the 
Raman spectra show no evidence of silicon – O bonding. A clear increase in the intensity of peaks 
assigned to O bonding is seen around 966 and 1027 cm-1 and is assigned to vibrations of the Li3PO4 






2.3.4 PXRD Diffraction Crystalline Phase Identification 
The identification of the different crystalline phases pre-sent in the LiPSO compositions was 
determined by PXRD analysis of the LSiPSO samples. Three impurity crystalline phases were matched 
to their literature PXRD patterns as shown in Fig. 2.6, β-Li3PS4, Li3PO4, and Li4SiS4. Magnified areas in 
the 2θ ranges of 21.7o to 23.38o and 28.74o to 30.4o show the phase changes through an increase of O 
substitution from the pure sulfide LSiPS, x = 0, to LSiPSO, x = 1.75. The impurity phase of β-Li3PS4 
(ICSD #180319) is observed in the pure sulfide, x = 0, material, whereas the impurity phase Li3PO4 
(COD #9011044) develops on increasing x and both are shown in their peak intensity range 2θ = 23o. β-
Li3PS4 gradually decreases and Li3PO4 gradually increases with added O to LSiPS. In the higher 2θ 
range between 28o and 30o, a third impurity phase, Li4SiS4 (COD#59708), was also matched with peak 
lines in the LSiPSO XRD patterns. However, from the very weak intensities, it is expected that this 
phase has a significantly small phase proportion in the compositions. The peaks around 2θ = 30o shift 
towards lower Bragg angles which means a reduction of the fraction of the β-Li3PS4 phase and a 
proportion of LGPS type crystalline phase increased. This is consistent with samples that have a 
relatively low O concentration. However, at a relatively higher O content, x > 0.9, the peak position 
shifts towards higher 2θ angles and this indicates that the LGPS-type crystalline phase proportion is 
decreasing. This may result from the formation of the pure oxide phase, Li3PO4 [14].
   
 
2.3.5 Rietveld Refinement of PXRD Patterns 
Rietveld refinement of the PXRD patterns of the LSiPSO samples provided significantly more 
detail on the crystalline phase changes introduced by the O substitution. The initial refinement 
parameters were set from the PXRD powder pattern data for Li10.35P1.65Si1.35S12 (COD #2107284) and β-
Li3PS4 (ICSD #180319). The crystalline data of Li3PO4 was also used for the refinement for PXRD 
patterns for the relatively higher O content samples, x ≥ 0.9. The identified phases by refinement and 




refinement results show reasonably good values for the line fittings; examples of the fittings for two 
samples in Table 2.1, for x = 0.7, are a = 8.6606(3) Å, c = 12.5213(4) Å, and Rwp = 1.94% and for x = 
0.9, are a = 8.6661(4) Å, c = 12.5293(7) Å, and Rwp = 1.79%, respectively.  
For the x = 0 LSiPS phase, the concentration of impurity phase, β-Li3PS4, is considerably higher 
than in the x > 0 LSiPSO phases and that indicates there is a substantial orthorhombic modification 
rather than tetragonal modification of LGPS-type crystal for the x = 0 composition. However, the 
LGPS-type crystalline phase fraction increases with increasing O substitution into the LSiPSO system 
while the impurity β-Li3PS4 phase is reduced. The PXRD pattern deconvolution analysis shows an 
obvious phase fraction change for the LGPS-type crystalline structure that becomes more favorable with 
the O substitution for S. However, the formation of Li3PO4 is also confirmed in the relatively high O 
content samples, x > 0.7, with a degradation of the LSiPSO crystalline phase and a shrink of crystal cell 
volume [3, 4, 14]. The trend in the unit cell parameters and volume is shown in Fig. 2.9.  
 
2.3.6 31P MAS NMR spectra and spectral deconvolution 
The analysis of the MAS NMR spectra of these materials provides more detailed and 
distinguishing information about the local crystalline structures, SRO units, and phase changes which 
may not be detected from the Raman, IR, and PXRD analyses. The 31P MAS NMR spectra of the 
LSiPSO compositions are shown in Fig. 2.10. In the pure sulfide x = 0 sample, the spectra display a 
very weak peak arising from the PO4 tetrahedral unit at around 9 ppm.  More intense peaks arising from 
the main P-S SRO structures in these phases are observed at 93, 86, 73, 67, 36, and 9 ppm [20-29].  
The peak at 93 ppm is assigned to the doubly occupied Si and P Wyckoff site; the 4d tetrahedral 
PS4 unit [25, 26]. The peak centered at 86 ppm is assigned to the isolated PS4
3- anion in a tetrahedral 
unit and this peak may result from β- Li3PS4 during synthesis rather than LGPS-like structure [25, 26].
 
The peak at 73 ppm is assigned to the unique Wyckoff site; the 2b PS4 tetrahedral unit.25,26 The peak 




SRO unit created by the O substitution [20-24, 27, 28]. PO3S and PO4 tetrahedral units are also 
identified by peaks at 36 and 9 ppm, respectively.  
 The high intensity peak at 86 ppm suggests that there is a relatively high fraction of the β-Li3PS4 
phase present throughout the LSiPS and LSiPSO samples.  
The peak intensity ratio of the two related peaks arising from the 4d and 2b atomic sites at 93 
and 73 ppm was determined by Kuhn et al. for the parent pure LGPS phase [11, 29]. The peak intensity 
ratio found here is nearly 1:1 and this indicates that the P and Si occupancy at the 4d atomic site is being 
stabilized by the addition of O in the Li10SiP2S12-xOx phases [11, 28, 29]. A higher site occupancy of Si 
atoms at the 4d atomic sites compared to the P occupancy at the 4d sites within the LSiPS crystal 
structure was associated with the relatively smaller ionic radius of Si ion [11]. However, in this study 
here of the LSiPSO phases, our results suggest that the formation of a smaller sized oxy-sulfide PS4-zOz 
tetrahedral local unit may lead to the stabilization with a normal Si atom occupancy at 4d site in the 
formula of Li10SiP2S12-xOx 
From the spectral deconvolution of 31P MAS NMR spectra in Fig. 2.11, a new peak centered at 
90 ppm can be resolved which is assigned a less shielded oxy-sulfide PS4-zOz tetrahedral unit of LSiPSO 
in the 4d atomic sites. A second new peak is also found by deconvolution at 83 ppm and is also assigned 
to an oxy-sulfide PS4-zOz crystalline unit from β-Li3PS4. From the analysis of the relative areas of all of 
the spectral features in the 31P MAS NMR spectra, a population map was determined and this is shown 
in Figure 2.12 and Table 2.2.  
The crystalline unit population from 31P NMR revealed a reduction of the PS4 tetrahedral unit on 
the β-Li3PS4 while PO4 and oxy-sulfide units increased. This is interpreted by the impurity phase β-
Li3PS4 being transformed into Li3PO4 and LSiPSO phases. At the same time, however, the higher 
conductivity phase LSiPSO appears to be stabilized with the formation of oxy-sulfide local crystalline 
units in the crystal structure. The unit population of the tetrahedral PS4 at 4d and 2b atomic sites in 





2.3.7 29Si MAS NMR spectra and spectral deconvolution 
Two characteristic peaks at 11 and 6 ppm were observed in the 29Si MAS NMR spectra and are 
shown in Fig. 2.13 and their spectral deconvolution were carried out in Fig. 2.14. 
The 29Si MAS NMR spectra of Li10SiP2S12 has been previously reported by Tarhouchi et al. 
[35]. However, these authors did not clearly assign the peaks at 11 or 6 ppm in their report. On the other 
hand, Eckert et al. have reported peaks at 4.7 and 8.7 ppm for crystalline Li4SiS4, but these are not 
clearly observed in the present LSiPSO samples [32, 33]. Si centered oxy-sulfide tetrahedral SRO units 
such as SiOS3 and a pure oxy-silicate, SiO4, which have been assigned [34, 35] at around -3 and around 
-100 ppm, respectively, were also not detected in our 29Si NMR spectra. 
The lack of information about the two peaks in the 29Si MAS NMR spectra of LSiPSO samples 
makes it hard to definitively assign them. However, the assignment of these two peaks can be informed 
by the systematic changes described above in the Raman, IR, and 31P MAS NMR spectra and the PXRD 
analysis. The intensity of the peak at 11 ppm increases with O substitution content among all samples as 
shown in Fig. 2.12. This is a well matched to the trend in the phase distribution increase in the LGPS 
type crystalline as observed from the deconvolution of their PXRD patterns. The Si centered tetrahedral 
SRO units from the LGPS type crystal is only found at 4d Wyckoff positions [6]. Thus, the peak at 
around 11 ppm can be assigned to Si in isolated SiS4 tetrahedral units from LGPS-like crystalline 
structures in the LSiPSO phase. For the peak at around 6 ppm, another candidate for Si contained 
crystalline phase is Li4SiS4 from the PXRD analysis. Therefore, the peak around 6 ppm probably arises 
from a Si in an isolated SiS4
4- tetrahedral SRO unit from Li4SiS4 crystalline phase.  
  The intensity of the 11 ppm peak decreases in the higher O content compositions and this likely 
arises because of the degradation of the LGPS-type crystalline phase. Likewise, as seen in Fig. 2.15, the 
fraction of the SiS4
-4 phase from Li4SiS4 appears to increase in this same high O content region. This 




the LSiPSO phase resulting in the formation of Li3PO4 and Li4SiS4 crystalline phases. It is unknown at 
this time why the formation of Li3PO4 appears to be favored over the more thermodynamically favored 
Li4SiO4 phase, but further studies of this system are in progress and will be reported on in the future. 
While in this study, the Si/P ratio was fixed at 1:2, Hori et al. has studied other Si rich phases in 
the LSiPS system. In this work, our 31P NMR measurements on the LSiPSO phases showed that the 
ratio of P at the 4d and 2b sites was unchanged with added O. Our 29Si NMR measurements, however, 
showed that the fraction of Si in the impurity Li4SiS4 phase decreased and the fraction of Si in the 
LGPS-like 4d site increased with added O. Therefore, from these results we might expect that the 
fraction of Si in the Li4SiS4 impurity phase might increase whereas the fraction of Si in the LGPS-like 
LSiPSO phase might decrease. This suggestion is also supported by recent results of Kuhn et al. [11]. 
who reported that a higher occupation of Si at the 4d site could be forced at high pressure. Likewise, an 
increased Si/P ratio might also be expected to lead to a decrease in the amount of the impurity Li3PS4 
phase. 
Finally, research on cation double-doping in LSiPS phases has been reported recently by Sun 
and Suzuki et al. [14, 41]. They showed a nearly constant cell volume with Sn doping to 
Li10.35Si1.35P1.65S12 phase up to Sn0.27Si1.08 within the LGPS-type structure [41]. In our new work to be 
published, we have also observed an enhancement of the phase purity of LSnSiPSO with similar dilute 
Sn doping. The dilute range of Sn doping also avoids a redox reaction of Sn and provides a slightly 
larger lattice volume for the LGPS-type crystal structure. 
 
2.4 Conclusions 
New Li10SiP2S12-xOx (LSiPSO) SEs were investigated by substituting S for O up to x = 1.75. A 
maximum in the DC Li+ ion conductivity was observed at x = 0.7 and the conductivity decreased 
strongly for larger values of O substitution. The increase in the Li+ ion conductivity was associated with 




phase. While 100% phase pure LGPS-like phase was not observed in these materials, the added O 
apparently increases the fraction of LGPS-like phase by scavenging the impurity Li3PS4 phase in the 
pure x = 0 composition and converting it to the pure O phase Li3PO4. At small amounts of added O, this 
phase “purification” appears to the increase the Li+ ion conductivity. However, as further O is added to 
the LSiPSO composition, the Li+ ion conductivity decreases as more and more of the Li gets 
sequestered away in poorly conducting Li3PO4 phases.  
The phase distribution change among the various crystalline phases observed in these materials 
shows that the O substitution helps to develop the LGPS like phase while decreasing the amount of the 
β-Li3PS4 impurity phase. The detailed structural analysis by 
31P solid-state NMR showed the formation 
of a stable oxy-sulfide SRO unit such as PS4-zOz in the LGPS like crystal. It was observed that the 
deconvolution of 31P spectra shows that the formation of oxide SRO units such as Li3PO4 among 
crystalline phases while the β-Li3PS4 unit population decreases and the oxy-sulfide units increase within 
LGPS like crystal-line structure. The oxide phase transformation and its selectivity were decreased to β-
Li3PS4 by the O substitution. The 
29Si NMR study showed the existence of Li4SiS4 crystalline impurity 
phase while it was not clearly seen in the PXRD data. Finally, it appears from all of the analysis in this 
study, silicon oxide species were not observed in these materials. It appears that all of the added O 
preferentially bonds to P in the form of pure Li3PO4 and mixed Li3PS4-zOz units. However, the exact 
values of z as a function of the O doping, x, has not been possible, though this work is in process. The 
confirmation of peaks and their related crystalline phases was accomplished by the deconvolution of 
29Si NMR spectra and in this way, the determination of the SiS4 units in the form of LGPS type and 
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Figure 2.1 DC impedance analysis on LSiPSO samples from 25 C° to -70 oC on (a), the individual 
fitting with temperature variance with Li10SiP2S11.3O0.7 sample of (b), (c), and (d). From high 
to low temperature, a single arc element is separated into two arcs, one for the bulk and one 
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    Figure 2.3 DC ionic conductivity at 25 ℃ and the conductivity activation energy as a function of x 
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Figure 2.4 Raman spectra of Li10SiP2S12-xOx SEs in three spectral regions(a) 100 to 500 cm
-1, (b) 500 to 



































































































































































































































































































































































































































































































































































































































Figure 2.9 Lattice parameters and cell volume as a function of O content, x, determined through 
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Figure 2.11 31P MAS NMR spectral deconvolution for LSiPSO samples. Each spectrum 
processed for spectral deconvolution to observe local crystalline units. Units 
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Figure 2.14 29Si MAS NMR spectral deconvolution for LSiPSO samples. Each spectrum 
processed for spectral deconvolution to observe local crystalline units. Si units of 











































Table 2.1 XRD powder diffraction data for Li10SiP2S11.3O0.7 and Li10SiP2S11.1O0.9 by Rietveld 
refinement method.  
O = 0.7 
Element Site x y z g B (Å2) 
Li (1) 16h 0.255 0.2692 0.1944 0.458 9.052 
Li (2) 4d 0 0.5 0.9463 0.916 3.737 
Li (3) 8f 0.744 0.244 0 0.8 14.683 
Li (4) 4c 0 0 0.2476 0.829 8.677 
Si (1) 4d 0 0.5 0.69004 0.675 2.068 
P (1) 4d 0 0.5 0.69004 0.325 2.068 
P (2) 2b 0 0 0.5 1 2.97 
S (1) 8g 0 0.1908(5) 0.4091(5) 0.735(15) 2.801 
S (2) 8g 0 0.2900(5) 0.0964(4) 0.858(14) 2.681 
S (3) 8g 0 0.6853(5) 0.7935(4) 0.827(17) 1.729 
O (1) 8g =x(S(1)) =y(S(1)) =z(S(1)) =1-g(S(1)) =B(S(1)) 
O (2) 8g =x(S(2)) =y(S(2)) =z(S(2)) =1-g(S(2)) =B(S(2)) 
O (3) 8g =x(S(3)) =y(S(3)) =z(S(3)) =1-g(S(3)) =B(S(3)) 
       
Space group: P42/nmc (137), a=8.6606(3) Å, c=12.5213(4) Å, Rwp=1.94%, Rp=1.49%, 
Re=0.95%, S =Rwp/Re=2.0282 
O = 0.9 
Element Site x y z g B (Å2) 
Li (1) 16h 0.257400 0.266600 0.192900 0.437 5.147 
Li (2) 4d 0.000000 0.500000 0.945600 0.931 2.300 
Li (3) 8f 0.747530 0.247530 0.000000 0.845 13.411 
Li (4) 4c 0.000000 0.000000 0.251000 0.808 7.779 
Si (1) 4d 0.000000 0.500000 0.689520 0.675 1.624 
P (1) 4d 0.000000 0.500000 0.689520 0.325 1.624 
P (2) 2b 0.000000 0.000000 0.500000 1.000 2.070 
S (1) 8g 0.000000 0.1835(5) 0.4137(4) 0.740(16) 1.566 
S (2) 8g 0.000000 0.2989(4) 0.1019(3) 0.972(16) 1.746 
S (3) 8g 0.000000 0.6979(5) 0.7878(3) 0.902(18) 1.472 
O (1) 8g =x(S(1)) =y(S(1)) =z(S(1)) =1-g(S(1)) =B(S(1)) 
O (2) 8g =x(S(2)) =y(S(2)) =z(S(2)) =1-g(S(2)) =B(S(2)) 
O (3) 8g =x(S(3)) =y(S(3)) =z(S(3)) =1-g(S(3)) =B(S(3)) 
Space group: P42/nmc (137), a=8.6661(4) Å, c=12.5293(7) Å, Rwp=1.79%, Rp=1.25%, 




Table 2.2 31P MAS NMR crystal structure unit population upon sulfide, oxide, and oxy-sulfide 
species. 
 
  PS4 4d PS4 from Li3PS4 PS4 2b PO4 PS4-zOz oxysulfide 
0 0.1894 0.585 0.1471 0.0117 0.0668 
0.5 0.1994 0.5617 0.1557 0.0202 0.063 
0.7 0.1913 0.4961 0.1782 0.0401 0.0943 
0.9 0.1952 0.4512 0.1796 0.0338 0.1403 
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3.1 Abstract  
Li10SiP2S12 (LSiPS) which has the Li10GeP2S12 (LGPS) type crystal structure was 
synthesized by solid-state reaction. Further cation and anion doping, O for S and Sn for Si, was 
carried out to produce oxy-sulfide compositions of the general formula Li10[SnySi1-y]P2S12-xOx 
(LSnSiPSO), where 0 ≤ x ≤ 1.2 increased by 0.3 and y = 0.2 and 0.3. The phase distribution and 
structural unit identification of the samples were examined by using a combination of the powder 
X-ray diffraction, Rietveld refinement, Raman, Fourier Transform Infrared (FT-IR), 31P, 29Si, 
and 119Sn Solid-state Magic Angle Spinning NMR (MAS NMR) spectroscopies to show how the 
substituted O and Sn is incorporated in the crystalline structure. The “phase purification effect” 
reported in our previous report of Li10SiP2S12-xOx (LSiPSO) is shown among samples, and the 




parent material, LGPS. The substituted Sn helps to make an improvement on the phase 
purification. As a result of the enhanced phase purification, the Li ion conductivity increase in 
the conversion of β-Li3PS4 phase into the LGPS like phase. The highest ionic conductivity was 
observed with y = 0.2 and O = 0.3 in the formula as 3.78 x 10-4 (cm)-1 at 25℃. However, for x 
≥ 0.9, the ionic conductivity decreased with a formation of oxygen rich Li3PO4 phase and 
degradation of the LGPS like phase. 31P, 29Si, and 119Sn NMR was used to examine the various 
P, Si, and Sn short range order (SRO) structural units and their concentration in the structure. 
The oxy-sulfide PS4-zOz species was observed with oxy-sulfide and pure oxide SRO polyhedral 
increased in the general trend. Significantly, 31P NMR revealed pure oxide orthophosphate in the 
form of PO4
3-, but 29Si and 119Sn NMR was not shown any spices like SnOx and SiOx SRO unit 
even with the highest x in the general formula.    
 
3.2 Introduction 
The pervasive use of portable devices and batteries for other applications has accelerated 
a focus on lithium ion battery (LIB) research. However, since the LIB application established its 
commercialized system in the 1990’s by Sony, the use of organic liquid electrolytes has had 
issues with safety concerns [1, 2]. Many LIB explosions and fires have been reported, and the 
role of the organic liquid electrolyte (OLE) as a fuel is the cause for most of these accidents [1, 
3, 4]. The weakness of the use of OLE is because the electrolyte status is simply ‘liquid’, thus an 
all solid-state battery (ASSB) is a possible way to eliminate the safety issues from OLE. In 
addition, the solid-state electrolyte (SE) is the key to apply the alkali metal electrode to the LIB 
system. The use of Li metal as an electrode for lithium ion batteries (LIBs) is one of the most 




theoretical capacity of 3860 mAh/g, compared to the typical commercialized graphite, which has 
capacity of 372 mAh/g in LIBs [5-7]. However, it is generally known that Li metal can grow a 
Lithium metal filament, dendrites, in an OLE which can cause a battery circuit to short. 
Conversely, SEs can suppress and prevent the growth of Li dendrites while the electrolyte still 
has a reasonable lithium ion conductivity for LIBs [6-8]. One of the reasons that SE has not 
successfully replaced the OLEs is that they have not been able to achieve a high enough lithium 
ion conductivity compared to the OLEs [9].  
In 2011, Kamaya et al. reported Li10GeP2S12 (LGPS) which has a Li
+ ion conductivity of 
12 (mcm)-1 at room temperature [9]. This advancement of LGPS is showed possible new 
crystalline materials such as SEs for LIBs. Researchers have replaced Ge into Si and Sn 
(Li10SnP2S12 and Li10SiP2S12), yet their ionic conductivity is inferior to LGPS [9-11]. Further 
exploration on the LGPS like crystalline materials, the cation and anion doping in the LGPS 
system was suggested for a possible crystalline structure and ionic conductivity optimization [12, 
13]. The crystalline structure of Li10+ δ [SnySi1–y] 1+ δP2− δS12 was mimicking the closest unit cell 
volume of the LGPS crystal with y = 0.2. The ionic conductivity of the material is shown to be 
1.1 x 10-2 (cm)-1, which is similar to the original ionic conductivity of LGPS, 1.2 x 10-2 (cm)-
1 [9, 13].     
In this research, there is an additional Sn substitution with the Li10SiP2S12-xOx (LSiPSO), 
and a composition formula was established to be Li10[SnySi1-y]P2S12-xOx (LSnSiPSO). The 
former investigation of the LSiPSO showed a phase purification effect by the substituted O into 
the solid mixture of the LSiPSO [14]. The newly introduced Sn is expected to improve the 




purification by substituted O. However, Sn included Li10SnP2S12 LGPS like phase was reported 
to have a reduction of thiostannate, a potential around 0.8 V [15]. Thus, the doped Sn range was 
only determined within a small range as y = 0.2 and 0.3 in the investigated compositions. The 
substituted O range, x in the formula, is 0 to 1.2 increased by 0.3. The phase identification and 
phase fraction analysis by X-ray diffraction and Rietveld refinement on Powder X-ray 
Diffraction (PXRD) pattern provided information that a much increased LGPS type crystalline 
phase for the LSnSiPSO. 31P, 29Si, 119Sn, MAS NMR, FT-IR, and Raman spectroscopies were 
carried out to collect and determine the configuration of local crystalline units of the LSnSiPSO 
materials. The ionic conductivity of samples was measured with an AC impedance measurement 
technique, and the ionic conductivity optimization was observed. 
 
3.3 Experimental Methods and Materials 
3.3.1 Material Synthesis 
Li10[SnySi1-y]P2S12-xOx materials were prepared and synthesized using a mechanical ball 
mill followed by solid-state reaction at elevated temperatures. Li2S (Alfa Aesar, 99.9% purity), 
P2S5 (Acros Organic, 98%+ purity), SiO2 (Aldrich, 99.9% purity), P2O5 (Fisher, 100% purity), 
SnS2 (prepared in house), and SiS2 (prepared in house) were weighed in stoichiometric amounts 
in a N2 filled glovebox with > 0.6 ppm H2O and O2. The weighed chemicals were mixed and 
ground in a stainless-steel mill pot and ball (φ = 10 mm) at 1725 rpm for 1 h by a 8800 Spex 
Mill. The milled powder was shaped into rectangular bar pellets under 13 MPa in Ar filled 
glovebox. The pellets were loaded in to silica glass ampules and evacuated to ~10 Pa. The sealed 




maintained for 48 hrs. After the reaction, the ampule was cooled down with a cooling rate of 
1℃/min to 25℃. 
 
3.3.2  Powder X-Ray diffraction Analysis 
Powder X-ray Diffraction analysis was conducted with the LSnSiPSO samples using Cu 
Kα radiation (λ = 1.5406 Å). Due to the sample reactivity, air-tight PXRD sample holder was 
used to prevent air and moisture contamination. The data was collected from 10° to 90° using a 
0.01° step width at a scan rate of 0.05°/sec. Crystalline structures, cell parameters, and phase 
identification were determined using the Rigaku PDXL-2 software package. 
 
3.3.3 FT-IR and Raman spectroscopic analysis 
A Renishaw inVia dispersive spectrometer system was used to acquire Raman spectra on 
the crystalline phases. A 488 nm laser set with the Raman shift range from 100 to 3200 cm-1. A 
Bruker IFS 66v/S in the Mid-IR (MIR) range was used to collect the IR spectra on the 
Li10[SnySi1-y]P2S12-xOx samples. The scanning range was from 400 to 4000 cm
-1with 32 scans per 
sample and resolution set to 4 cm-1. The CsI and ground sample were pressed in an IR sample 
holder by using 2 mg of sample and 100 mg of CsI. 
 
3.3.4 Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) Spectroscopy 
MAS NMR spectroscopy of 31P, 29Si, and 119Sn nuclei was conducted on the LSinSiPSO 




carefully. The rotors were spun at 12 kHz inside a 600 MHz Avance II Bruker spectrometer. A 
Larmor frequency of 242.9 MHz, a recycle delay of 300 s, and π/2 pulse with 2μs pulse length 
were used to collect 31P MAS NMR spectra. A Larmor frequency of 119.2 MHz, a recycle delay 
of 30 s, and π/2 pulse with 5μs pulse length were used to collect the 29Si MAS NMR spectra. 
Finally, a Larmor frequency of 223.8 MHz, a recycle delay of 300 s, and π/2 pulse with 2μs 
pulse length were used to collect the 119Sn MAS NMR spectra. The NMR spectra were analyzed 
and fit using Mestrelab Mnova and dmfit2018 software packages [22]. 
 
3.3.5 Ionic conductivity measurements 
The rectangular pellets produced from the solid-state reaction have average dimensions 
of 10.5 mm x 1.2 mm x 16.5 mm. The pellets were painted on both sides with conductive silver 
paint. After drying, the painted samples were loaded into a specially designed impedance cell. 
The dielectric impedance of the LSnSiPSO samples was measured by a concept 80 Novocontrol 
Dielectric Impedance Spectrometer, using the WinDeta and WinFit software package to collect 
and analyze the impedance data. The operation frequency range was tested from 10-1 Hz to 107 
MHz, and samples were cycled from 25 to -100 ℃. The DC ionic conductivity was calculated 
based on the temperature varied cycling measurements using the cell constant k = t/A, the 





3.4 Results and Discussion 
3.4.1 Ionic conductivity measurement 
A typical complex impedance plots is given in Fig. 3.1, for the y = 0.2 and pure sulfide, x 
= 0. Due to the high ionic conductivity of these SEs, the measured impedance arc is often 
complex by the electrode polarization originating from the silver blocking electrodes [14]. Thus, 
the curve fitting for the complex impedance data typically has the combination of the bulk 
conduction and an electrode polarization process [14]. The typical arc separation of the two 
processes was not observable at 298K or higher temperatures. In order to observe a visible arc 
separation, the temperature cycling was set to decrease from 298 K to 203 K [14, 16]. Lowering 
the temperature improved the quality of the data fitting by the increasing the bulk resistance. The 
DC ionic conductivity was measured with the LSnSiPSO materials, and the related activation 
energy was calculated with the Arrhenius equation, Eq. 1,   









    Eq. (1) 
Figure 3.2 shows the trend of the ionic conductivity and relative activation energy, Eact 
(kJ/mol), for both the y = 0.2 and 0.3 with the increasing O concentration. The highest DC ionic 
conductivity is shown in both y = 0.2 and 0.3 samples at room temperature, O = 0.3 as 3.78 x 10-
4 and 2.78 x 10-4 (cm)-1, respectively.  
In the present study, the bulk and grain boundary impedances were not separately 
examined, but the combined resistances were used for the bulk ionic conductivity of each of the 




growth corresponds to the ionic conductivity decrease for the y = 0.2 samples, while the y = 0.3 
samples displayed little change in the Eact for the relatively higher O substituted samples.  
 
3.4.2 Raman and FT-IR Spectroscopy 
Figure 3.3 shows the Raman spectra of the LSnSiPSO samples. Peaks related to the 
polyhedral units in the crystalline structures were identified at 280, 380, 390, 415, 420, and 430 
cm-1. The peak centered at 415 and 420 cm-1 is shown as a broadened peak, and the peaks can be 
analyzed as a P-S bond of the PS4 originated from the LGPS type crystal and ≡Ge-S bond 
respectively [21]. A peak at 380 cm-1 arises from the Sn-S bond formation in the LGPS like 
structure near the Si-S bond peak at centered 390 cm-1 [12, 14, 21]. The peak growth around 430 
cm-1 shows the O substitution effect on the P tetrahedral units related to a regional distortion of 
the crystal structure [12, 14]. Lastly, the [PS4]
3- ion manifested from PS4 tetrahedral units related 
to the β-Li3PS4 phase exhibit their characteristic peaks at 280 and 420 cm
-1, respectively [12-21]. 
In the given spectra in Fig. 3.3, the SnS4 peak is present for the y = 0.2 samples. However, for 
the y = 0.3 samples, the peak disappears for the high O doped samples, x ≥ 0.9. The reduced 
peak intensity of the SnS4 tetrahedral unit is predicted to be due to Sn atoms being redistributed 
to a disordered Sn. However, this is not clearly revealed with Raman analysis [12, 14, 23, 24]. 
Within the tested O substitution range, evidence indicating the presence of Sn-O and Si-O bonds 
was not found. 
In Fig. 3.4 (a) and (b), FTIR of the LSnSiPSO is shown. The P-O bond is found at 960 
cm-1, and the intensity of the peak increased by adding O [14]. The two very close peaks around 




possible oxy-sulfide unit as PS4-zOz within the crystal structure. However, this is not illustrated 
specifically in discrete oxide bonds such as Sn-O and Si-O [14].  
 
3.4.3 Powder X-ray Diffraction 
The crystal phase identification of the LGPS type structure and impurity phases was 
carried out by the powder x-ray diffraction analysis (PXRD). The collected patterns of pure 
sulfide samples and their corresponding crystalline phases are given in Fig. 3.5. In Fig. 3.6 (a) 
and (b), the characteristic peaks around 2 = 12, 14, 20, 20.4 23.9, 26.9, and 29.4° show that the 
analyzed samples have the LGPS type crystalline phase. The peak around 2θ = 29.7°, which is 
next to the highest intensity peak of LGPS, is clearly distinguished as corresponding to the 
Li7PS6. The most intense peak in the patterns shifts toward the higher Bragg’s angle from 2 θ = 
29.4° to 30°. The migration of the peak indicates the shrinkage and degradation of the LGPS like 
structure reported about Li10GeP2S12-xOx (LGPSO) by Sun et al. and our previous study of the 
LSiPSO [12, 14]. The peak shifting that occurs is due to the formation of orthophosphate and 
sulfide phases, Li3PO4 and Li4SiS4, in the high O doped samples, x ≥ 0.9 [14]. However, the 
PXRD patterns are limited to show the concentration of the impurities, Li3PO4 and Li4SiS4. The 
peak intensities of the impurity phases are much weaker than the LGPS type peaks. Thus, it is 
determined that the concentration of Li3PO4 and Li4SiS4 are much lower than that of the LGPS 





3.4.4  Rietveld refinement on Li10[SnySi1-y]P2S12-xOx materials 
The collected PXRD patterns of the LSnSiPSO samples were fitted using the Rietveld 
refinement method in Fig. 3.7 (a) and (b). The initial parameters for the analysis were set from 
the reported crystal information files (CIF), Li10GeP2S12 (CSD #425992), β-Li3PS4 (ICSD 
#180319), Li3PO4 (COD #9011044) and Li7PS6 (ICSD #421130). The refinement and the fitting 
result exhibited a low phase residual. For example, the pure sulfide y = 0.2 showed Rwp = 
1.02%, Rp = 0.9%, Re = 0.93%, and S = 1.093. The data of structure fitting is also listed in Table 
3.1. 
 The calculated phase fraction after the refinement is plotted in Fig. 3.8. The phase 
purification effect was enhanced with the Sn doping overall while the O doping effect observed 
in our previous report of the LSiPSO is maintained [14]. The enhanced phase purification is due 
to the entire crystal structure became close to the parent LGPS by adding Sn atoms at 4d 
Wyckoff site. The slight increase of Sn from 0.2 to 0.3 in the pure sulfide phase helped to create 
an increasingly pure LGPS type crystalline phase. With the increasing amount of O substitution, 
the shrinkage of the unit cell volume calculated from the cell parameters is displayed in Fig. 3.9 
[12-14]. The lengths of a and c are increased by the substituted Sn because of the larger radius of 
Sn compared to Si and P at the 4d Wyckoff site in the LGPS type crystal structure [13, 14]. The 
extension of c reveals the distance that Li-ions must travel along with the c-axis in the structure 
also increases. With the cell parameter change for the c-axis, the doped O affects the entire 
crystal structure shrinkage and this causes the lithium ionic conductivity deterioration by 




Furthermore, in the O doped samples, where x≥0.9, the formation of Li3PO4 is evented 
and corresponding structural degradation leads to the shrinkage of the crystal unit cell volume. 
However, there is no evidence that the oxide phase, Li3PO4, is present in any meaningful 
concentration in the solid mixture. The concentration of Li7PS6 decreased initially with the added 
O increases, but the concentration then increases as x ≥ 0.9. In the previous study of LSiPSO, the 
remaining Li, P, Si and S was expected to form Li4SiS4 after the degradation of the LGPS like 
structure, but the formation of Li7PS6 is another possible product similar to the production of 
Li4SiS4 in the LSnSiPSO samples [14].  
 
3.4.5 Solid-state MAS NMR 
3.4.5.1       31P MAS NMR and deconvolution of spectra 
The 31P NMR spectra of the LSnSiPSO samples are given in Fig. 3.10 (a) and (b). The 
signature peaks of PS4 tetrahedra at 4d and 2b Wyckoff sites were assigned, and the peaks are 
centered at 93 and 77 ppm, respectively [13, 14, 25-31]. The [PS4]
3- ion of the PS4 tetrahedral 
unit from the β-Li3PS4 was observed around 86 ppm [14, 25-31]. The Li7PS6 is reported to have 
a peak corresponding to thePS4 around 87 to 86 ppm, the same as in β-Li3PS4 [32, 33]. The PS4 
unit in both the β-Li3PS4 and Li7PS6 gives a same charge distribution, as a P
0, non-bridging unit 
[25-33]. Thus, the P0 units and possible PS4-zOz oxy-sulfide tetrahedral units in the β-Li3PS4 and 
Li7PS6 are expected to have the same chemical shift and are not to be distinguished within the 
collected 31P NMR spectra. The PO3S and PO4 oxy-sulfide and oxide tetrahedral unit peaks were 
assigned at 35 ppm and 9 ppm, respectively [14, 21, 25-31]. The spectral deconvolution of 31P 
MAS NMR is provided in Fig. 3.11 (a) and (b). The less shielded oxy-sulfide PS4-zOz units 




centered at 83 ppm is another oxy-sulfide species, the PS4-zOz SRO unit, in β-Li3PS4 [14]. As 
discussed above, β-Li3PS4 and Li7PS6 consist of the same charge distributed P
0 units, thus the 
assigned oxy-sulfide peak at 83 ppm is determined to be a multiplex peak for both β-Li3PS4 and 
Li7PS6. The local unit population map based on the NMR spectral deconvolution is shown in Fig. 
3.12 (a) and (b) with populations normalized to 1. The population of the PS4 unit from β-Li3PS4 
and Li7PS6 is reduced with the increasing amounts of O, while the formation of oxy-sulfide and 
PO4 units increase as expected. The two peaks corresponding to the LGPS type crystal structure 
at the 4d and 2b Wyckoff sites were studied, and the relationship between the peaks of the 4d 
and 2b site was determined by Kuhn et al. [10, 11, 14]. The peak intensity ratio between the 4d 
and 2b sites was calculated as 1:1 with 5% error in the parent LGPS, and the values observed in 
the LSnSiPSO samples is about 1:1, with 7% error, based on the31P NMR [10, 11]. The 4d site 
stabilization among Ge, Sn, Si, and P in the LGPS type crystal was reported by Kuhn et al. [11].  
It is expected that the stability of 4d sites within the LSnSiPSO crystal structure is also enhanced 
by the addition of Sn, so that the 2b sites become a less stable state compared to 4d sites. 
Therefore, it is probable that P atoms from the 2b sites were converted into Li3PO4 more while 
the P atoms at the 4d sites remained stable.      
 
3.4.5.2 29Si MAS NMR and spectral deconvolution 
The peaks around 11 and 6 ppm were identified as the 4d Wyckoff site of the LSnSiPSO 
and Si0 unit of SiS4 tetrahedra. These pure sulfide units were reported in our previous 
investigation of the LSiPSO and are shown in Fig. 3.13 (a) and (b) [14, 34, 35]. However, 




and SiO4 units, respectively [36, 37]. The further deconvolution of the spectra is plotted in Fig. 
3.14 (a) and (b). The peak corresponding to the Si0 unit of Li4SiS4 is substantially smaller than 
that of the Si0 unit from the LGPS like structure. The related unit population map based on the 
spectral deconvolution is plotted in Fig. 3.15. The population of the impurity Li4SiS4 species 
decreased compared to the previous report on the LSiPSO [14]. The Si0 unit population reduction 
indicates the solid mixture has a lower concentration of Li4SiS4. This is explained as a further 
phase purification effect from the addition of Sn. 
 
3.4.5.3 119Sn MAS NMR and spectral deconvolution 
The 119Sn MAS NMR spectra of y = 0.2 and 0.3 samples are shown in Fig. 3.16 (a) and 
(b), and the deconvolution of the spectra is plotted in Fig. 3.17 (a) and (b). The SnS4 tetrahedral 
unit peak is centered around 86 ppm [23, 24]. The same peak position has been assigned from 
31P NMR for the PS4 tetrahedral unit in the LGPS like structure [14, 25-31]. The possible tin 
oxide spices SnO and SnO2 are not observed where expected, around -208 and -600 ppm, 
respectively [37-40]. The lack of evidence of tin oxide species supports the selectivity of the 
added O atoms replacing S atoms only on P tetrahedral units in the crystal structure [14]. The 
peak centered at 77 ppm is known as the disordered Sn atom in the crystal structure [23, 24]. The 
unit population map from the 119Sn NMR showing the Sn0 unit at the 4d Wyckoff site and the 
disordered Sn in the crystal structure is plotted in Fig. 3.18. The gradual decrease of the 
disordered Sn is caused by the improved phase purification due to the Sn doping. The y = 0.3 




disordered Sn is produced from the phase degradation of the LGPS like structure by the 
increased O substitution [14].  
 
3.5 Conclusions 
From our previous report of the Li10SiP2S12-xOx (LSiPSO) materials, the new Li10[SnySi1-
y]P2S12-xOx (LSnSiPSO, y = 0.2 and 0.3 with 0≤x≤1.2) materials were synthesized with the 
addition of Sn. The Li+ ionic conductivity of the samples increased and was optimized by 
addition of O. However, samples with high oxygen concentration showed a conductivity 
decreasing while the related Eact increased.  
The trend difference on Eact vs. DC ionic conductivity is expected due to the Sn 
incorporation at the 4d site in the LGPS type crystal structure, and its local unit stabilization as 
suggested by Kuhn et al. [10, 11]. It is expected that the substituted Sn4+ ion, which has a larger 
ionic radius than that of either Si4+ and P5+, led to the polyhedral stabilization observed in LGPS 
and LSnPS. The phase purification effect reported in our previous investigation of the LSiPSO 
series is present again the LSnSiPSO samples [10, 11].  
Further enhancement of the phase purification with the added Sn was confirmed. The 
incorporation of the Sn at the 4d site is expected to help achieve a much closer local polyhedral 
stabilization as in Li10GeP2S12 (LGPS) and Li10SnP2S12 (LSnPS). However, the increased 
substitution of O in the samples, e.g. y = 0.2 and 0.3 with x≥0.9, led to the conversion of β-
Li3PS4 into Li3PO4. Eventually, the formation of the oxide phase caused the formation and 
regrowth of the other impurities such as Li4SiS4 and Li7PS6, and degradation of the LGPs like 




concentrate samples is the generation of low ionic conductive crystalline phases and the 
crystalline structure shrinkage of the LGPS like structure. The impurity phase was described to 
be being scavenged by the added O while they were mostly converted into the LGPS like phase 
in our previous report of the LSiPSO. The stable oxy-sulfide SRO (short-range order) unit as 
PS4-zOz in the LGPS like crystal structure was determined by the deconvolution of 
31P NMR 
spectra. The unit population of P centered polyhedral units showed the oxy-sulfide units, and the 
population increased while the PS4 unit population decreased by consuming of the β-Li3PS4 
phase with the substituted O. The 29Si NMR gave evidence of the impurity phase, Li4SiS4. The 
population of Si0 unit of the Li4SiS4 is significantly decrease a result of the improved 
purification. 119Sn NMR analysis showed the presence of Sn centered SnS4 tetrahedral units and 
disordered Sn. The added oxygen selectively bonds to P, with no evidence of Sn, and Si based 
oxide species.   
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(a) Li10[Sn0.2Si0.8]P2S12-xOx /  at 298K
(b) Li10[Sn0.3Si0.7]P2S12-xOx /  at 298K


















































Figure 3.2 The ionic conductivity and activation energy varied with the doped Sn and O. (a) the 












































































Figure 3.3 Various sulfide bonds from local tetrahedral units in the LGPS type crystalline phase 

























Figure 3.4 (a) Mid-IR spectra of Li10[SnySi1-y]P2S12-xOx materials, y = 0.2 in the formula. The P-
O bond around 1000 cm-1 and P-S bond around 570 cm-1 is confirmed. The artificial 

















































Figure 3.5 PXRD patterns and phase identification with Li10[SnySi1-y]P2S12 materials. Impurity 





























































































































































































































































































































































































































































































X in formula 
 
Figure 3.8 The calculated phase distribution on each crystalline phase by Rietveld refinement on 
the LSnSiPSO samples. (a) shows the phase fraction change of y = 0.2 and (b) 
displays the phase fraction change of y = 0.3 materials. The Li3PO4 formation with 


















































Figure 3.9 Unit cell parameters and volume change by the substituted O in (a) y = 0.2 and (b) y = 
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Figure 3.10 (a) The measured 31P MAS NMR spectrum on Li10[SnySi1-y]P2S12-xOx materials are 
displayed together, y = 0.2 in the formula. The characteristic peaks of P centered 



























     
(b) Li10[Sn0.3Si0.7]P2S12-xOx
Chemical Shift (ppm)
 : characteristic peak position
 
Figure 3.10 (b) The measured 31P MAS NMR spectrum on Li10[SnySi1-y]P2S12-xOx materials are 
displayed together, y = 0.3 in the formula. The characteristic peaks of P centered 
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Figure 3.11 (a) 31P MAS NMR spectral deconvolution of the y = 0.2 samples. Three different x 
values were plotted to show the development of unit distribution change over the 
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Figure 3.11 (b) 31P MAS NMR spectral deconvolution of the y = 0.3 samples. Three different x 
values were plotted to show the development of unit distribution change over the 





















X in composition, Li10[Sn0.2Si0.8]P2S12-xOx
 PS4, 4d site
 PS4, b-Li3PS4
 PS4, 2b site
(a)  PS4-zOz, oxy-sulfide
 PO4, Li3PO4
 
Figure 3.12 (a) 31P MAS NMR local crystalline unit population trend of y = 0.2 of the LSnSiPSO 
samples. The slight increased Sn leads more conversion of β-Li3PS4 while the 






















X in composition, Li10[Sn0.3Si0.7]P2S12-xOx
 PS4-zOz, oxy-sulfide
 PO4, Li3PO4
 PS4, 4d site
 PS4, b-Li3PS4
 PS4, 2b site
(b)
 
Figure 3.12 (b) 31P MAS NMR local crystalline unit population trend of y = 0.3 of the LSnSiPSO 
samples. The formation of oxy-sulfide units in crystalline structures, and Li3PO4 






































































Figure 3.14 (a) 29Si MAS NMR spectral deconvolution of the y = 0.2 samples. Si0 unit from the 





Figure 3.14 (b) 29Si MAS NMR spectral deconvolution of the y = 0.3 samples. Si0 unit from the 
































X in formula, Li10[Sn0.2Si0.8]P2S12-xOx
(a)














X in formula, Li10[Sn0.3Si0.7]P2S12-xOx
(b)
 
Figure 3.15 The unit population of Si0 units analyzed to determine the phase purification effect 






























Figure 3.16 (a) 119Sn MAS NMR spectra. The substituted O is in the formula as x,  
































Figure 3.16 (b) 119Sn MAS NMR spectra. The substituted O is in the formula as x,  






Figure 3.17 (a) 119Sn MAS NMR spectral deconvolution of the substituted O is in the formula 






Figure 3.17 (b) 119Sn MAS NMR spectral deconvolution of the substituted O is in the formula 

































X in formula, Li10Sn0.2Si0.8P2S12-xOx



















Figure 3.18 The Sn0 unit population trend for the both (a) y = 0.2 and (b) y = 0.3 samples with 





Table 3.1 XRD powder diffraction data of Li10[Sn0.2Si0.8]P2S12 and Li10[Sn0.2Si0.8]P2S10.8O1.2 by 
Rietveld refinement.  
O = 0 
Element Site x y z g B (Å2) 
Li (1) 16h 0.225388 0.221038 0.059747 0.474 12.137 
Li (2) 4d 0.000000 0.500000 0.981521 0.890 3.737 
Li (3) 8f 0.247400 0.247400 0.000000 0.720 14.683 
Li (4) 4c 0.000000 0.000000 0.052705 0.770 12.462 
P (1) 4d 0.000000 0.500000 0.691946 0.500 2.068 
P (2) 4d 0.000000 0.000000 0.500000 1.000 6.051 
S (1) 2b 0.000000 0.192292 0.406202 1.000 10.234 
S (2) 8g 0.000000 0.300857 0.090833 1.000 9.150 
S (3) 8g 0.000000 0.697939 0.795790 1.000 6.836 
Si (1) 4d 0.000000 0.500000 0.691946 0.343(6) 2.068 
Sn (1) 4d 0.000000 0.500000 0.691946 0.157(6) 2.068 
Space group: P42/nmc (137), a = 8.7103(4) Å, c = 12.6186(6) Å, Rwp = 1.02%, Rp = 0.9%, Re = 0.93%, S  = Rwp/Re 
= 1.093 
O = 1.2 
Element Site x y z g B (Å2) 
Li (1) 16h 0.225388 0.221038 0.059747 0.474 12.137 
Li (2) 4d 0.000000 0.500000 0.981521 0.890 3.737 
Li (3) 8f 0.247400 0.247400 0.000000 0.720 14.683 
Li (4) 4c 0.000000 0.000000 0.052705 0.770 12.462 
P (1) 4d 0.000000 0.500000 0.691946 0.500 2.068 
P (2) 2b 0.000000 0.000000 0.500000 1.000 6.051 
S (1) 8g 0.000000 0.192292 0.406202 1.000 10.234 
S (2) 8g 0.000000 0.300857 0.090833 1.000 9.150 
S (3) 8g 0.000000 0.697939 0.795790 1.000 6.836 
Si (1) 4d 0.000000 0.500000 0.691946 0.343(6) 2.068 
Sn (1) 4d 0.000000 0.500000 0.691946 0.157(6) 2.068 
O (1) 8g  = x(S(1))  = y(S(1))  = z(S(1))  = 1-g(S(1))  = B(S(1)) 
O (2) 8g  = x(S(2))  = y(S(2))  = z(S(2))  = 1-g(S(2))  = B(S(2)) 
O (3)  8g  = x(S(3))  = y(S(3))  = z(S(3))  = 1-g(S(3))  = B(S(3)) 
Space group: P42/nmc (137), a = 8.6792(4) Å, c = 12.5899(7) Å, Rwp = 0.75%, Rp = 0.66%, Re = 1.31%,  
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The electrochemical properties of solid-electrolytes (SEs) Li10SiP2S12-xOx (LSiPSO) and 
Li10[SnySi1-y]P2S12-xOx (LSnSiPSO) series was examined to determine their viability  as a 
possible solid electrolyte (SE) for lithium ion batteries (LIBs). Time dependent impedance 
analysis, cyclic voltammetry, and battery cycling under constant current density method were 
carried out to determine the electrochemical stability, potential chemical reactions, and cycling 
performance of the SEs. A comparison between LSiPSO and LSnSiPSO demonstrates that the 
initial impedance significantly decreased with the addition of tin. However, oxygen 
incorporation ensured the chemical and electrochemical stability of these materials. The cyclic 
voltammetry (CV) measurements shows several reactions resulted in the formation of the solid-
state electrolyte interface (SEI) layer in the first CV cycle. After this irreversible SEI formation 




CV cycles. The SE performance test revealed a gradual development of overpotential voltage 
during battery cycling, and eventual failure occurred with a current density of 0.3mA/cm2. 
Overall, the LSnSiPSO samples exhibited a much more stable cycling profile compared to the 
LSiPSO sample. The LSnSiPSO samples have a less overpotential voltage growth and milder 
short circuit compared to the LSiPSO sample. 
 
4.2 Introduction  
The development of lithium ion batteries (LIBs) has been one of the most impactful 
breakthroughs in technology having many uses in almost everyone’s life. The history of a 
development of LIB has been stepped out with an organic liquid electrolyte while anode and 
cathode materials were investigated and commercialized by Sony since 1991 [1-6]. However, it 
has been unfortunately discovered that the organic liquid electrolyte (OLE) present in these 
batteries poses a safety concern. In many LIB accidents, the organic liquid is highly flammable 
and acts as a fuel source when the battery combusts [5-9] To overcome this safety issue, non-
liquid state electrolytes have been in the spotlight as the next generation of LIBs to be 
investigated. Thus, the solid electrolyte (SE) was developed and has shown potential to be the 
best replacement as it is an antipodal state to liquid [10-14]. However, the greatest obstacle to 
commercialization of these SEs has been their generally low ionic conductivities compared to the 
ionic conductivities of current lithium OLEs [7, 14-16].   
Since the development of Li10GeP2S12 (LGPS), reported by Kamaya et al. in 2011, which 
shows 1.2 x 10-2 (mcm)-1at room temperature, many sibling materials having a similar 




9, 15]. Our previous study on the Li10SiP2S12-xOx (LSiPSO) and Li10[SnySi1-y]P2S12-xOx 
(LSnSiPSO) systems investigated the crystal structure, phase distribution, and phase 
identification of these materials influenced by oxygen and tin doping to the LGPS-type crystal 
structure; these were conducted with various X-ray diffraction and spectroscopic techniques [7]. 
However, until now, the following electrochemical and chemical properties for these potential 
SEs, LSiPSO and LSnSiPSO, have not been examined.  
In this study, we focused on the examination of electrochemical and chemical properties 
by assembling symmetric and asymmetric types of all solid-state batteries (ASSB) using the 
LSiPSO and LSnSiPSO materials as the SE. The time dependent impedance measurements and 
cyclic voltammetry (CV) measurements were carried out to observe which compositions display 
the best electrochemical and chemical stability and to discuss the detailed chemical reaction 
between the SE and Li metal electrode. Finally, batteries were cycled with differed current 
densities to demonstrate the overall performance of these SEs. 
 
4.3 Experimental Methods 
4.3.1 Lithium foil Preparation 
A Li metal foil was prepared in an Ar filled glovebox with < 0.6 ppm H2O and O2 to 
avoid reaction with air and moisture. The surface of the Li foil was stripped off to remove a thin 
oxide layer. After stripping off the oxidized Li metal surface, the Li foil was rolled out to smooth 
the uneven-surface. The final thickness of the Li foil was about 0.1 mm, and then the foil was 





4.3.2 Solid-State Electrolyte (SE) Preparation 
LSiPSO and LSnSiPSO samples were ground and prepared into powder in a N2 filled 
glovebox and transferred to an Ar glovebox to be cold pressed into discs [7, 29]. The powders 
were carefully weighed out to about 0.09 g to achieve pellets with ~0.6 to 0.7 mm thickness after 
pressing. The weighed powder was poured into a pelletizing die or a die cell jacket 13 mm in 
diameter and then pressed at about 900 psi for 10 to 15 minutes to ensure maximum compaction. 
 
4.3.3 Die cell Battery Assembly 
After the cold pressing of the SE powder in the battery cell jacket, the lithium metal foil 
which had a 0.1 to 0.5 mm thickness was placed on the top side of the SE pellet to assemble 
asymmetric cells. For the symmetric cell assemblies, the Li foil was applied on both the top and 
bottom sides of the SE pellet. The stainless-steel contact electrodes which are shaped like a 
thread less bolt was put in contact with the top and bottom sides of pellet. The main battery 
jacket was sealed with electrical insulation tape to prevent circuit making as well as air, and 
moisture contamination by leaking into the cell jacket. A simple schematic of the battery cell is 
given in Fig. 4.1.   
 
4.3.4 Impedance Measurement 
The assembled symmetric cell with the LSiPSO and LSnSiPSO SEs were analyzed with a 
Biologic VMP3 electrochemical workstation. The frequency range of the measurement was 10 to 
107 MHz, and the impedance measured every 30 min to observe the impedance change over 





4.3.5 Cyclic Voltammetry (CV) Test 
The CV test with the LSiPSO and LSnSiPSO materials were conducted to examine for 
the reactions on the interface between the Li metal electrode and the solid electrolyte (SE). The 
asymmetric battery has Li metal contacting only one side of the SE disc and were tested on the 
Biologic VMP3. The applied voltage rate was set to 5 mV/s and the battery was tested for five 
cycles. The voltage ranged from 0 to 5V. 
 
4.3.6 Battery Cycling Test for the SE Stability 
Battery cycling tests were performed with the symmetric type battery. The applied 
current was set from the current density calculated using the SE diameter of 13 mm. The initial 
current for the experiment was 0.1 mA for 30 cycles to ensure the formation of the solid-state 
electrolyte interface (SEI) generated by the reaction between the SE and Li metal electrode. The 
set current gradually increased to 0.3 mA in 0.1 mA increments, and 10 cycles at each set current 
were performed. All battery cycles ran with a 1 C stripping and plating rate.  
 
4.4 Results and Discussion 
4.4.1 Time Dependent Impedance Measurement 
The time dependent impedance measurements were carried out to observe the changes in 
the impedance of the assembled batteries. The impedance trends and shape transformation with 




extension, and cutback is mostly related to the interfacial resistance change of the SE and Li 
metal with the constant external pressure. The tested batteries showed an increase of the 
impedance between the first and second cycle attributed to the formation of the solid electrolyte 
interface (SEI) layer which forms by the consumption of the SE and Li at the Li metal electrode. 
The pure sulfide sample, LSiPS, had an initial resistance of ~ 450 ohms. After the formation of 
the SEI layer, the consistent size and shape of the impedance arcs from the third cycle onward 
showed the formation of stabilized interfaces between the SE and Li metal electrode. The 
LSiPSO samples exhibited a same trend as the LSiPS, however the initial impedance is much 
lower. The reduced impedance results from the increase of highly ionically conductive phase and 
the formation of oxy-sulfide units in the SE that occurs with the substitution of oxygen. The 
detailed effect of oxygen substitution on LSiPS is in our previous report of the Li10SiP2S12-xOx 
and Li10[SnySi1-y]P2S12-xOx research [7].  
The pure tin sulfide sample, LSnSiPS, exhibited a remarkable decrease in the initial 
impedance compared to the pure LSiPS. However, the LSnSiPS samples showed a significant 
increase of the resistance cycle by cycle. The only difference between the LSiPS and LSnSiPS is 
the inclusion of Sn in the structure, so the increased resistance is attributed to the reaction of the 
Sn in the SE with the Li metal electrode interface.  
After the SEI layer formation, the LSnSiPSO samples revealed greatly improved 
electrochemical stability in the repeating size of the semi-circle. It is predicted that the added 
oxygen atoms in the crystal structure created stronger interactions with Sn atoms than the S and 
that this led to the improved electrochemical stability against the Li metal electrode. However, 




and P with the Li metal electrode. The reaction is expected to produce species including Li-Sn 
alloy, Li2O, and SnO2 [22, 25-28].  
 
4.4.2 Cyclic Voltammetry Test with the Li10SiP2S12-xOx and Li10[SnySi1-y]P2S12-xOx 
The interface reaction was further analyzed using cyclic voltammetry (CV) and the 
resulting plots are given in Fig. 4.5 through 4.7. Figure 4.5 (a) shows the first cycle of the pure 
sulfide LSiPS. The irreversible oxidation peaks are positioned near 0.55 and 1.2 V and the 
coupling reduction peaks in the anodic region were observed near 0 and 1 V respectively. Those 
observed peaks probably correspond to the formation of the solid electrolyte interface (SEI) layer 
[24, 27, 28, 37, 38]. The SEI formation designated the decomposition of the SE [22, 24, 27]. In 
Fig. 4.5 (b) and (c), the following cycles showed reversible oxidation peaks near 0.48, 1.28, and 
2.57 V, and then the coupling reduction peaks near 0.14, 1.5, and 2.5 V respectively. Each 
coupled peak indicates the redox reaction of thiosilicate, thiophosphate, and sulfide respectively 
[23, 25, 26]. The LSiPSO samples exhibit the peak near 0.48 V reducing in intensity 
significantly after the first cycle. The peak disappearance implies that the stabilization of Si in 
the crystal structure due to the local interaction increased by the addition of oxygen.          
In Fig. 4.6 (a), (b), and (c), the results of the Li10[Sn0.2Si0.8]P2S12-xOx samples revealed the 
irreversible peaks observed in the first cycle near 0.27, 0.53, 1 and 2 V. Those oxidation peaks 
correspond to the formation of the SEI layer. The SEI reaction results in the decomposition 
reaction of the SE and Li metal as seen in the LSiPS [22, 24, 27, 30-33, 37]. The peak near 0.27 
V is observed initially in the pure sulfide LSnSiPS, however it disappears with additional cycles. 




LSnSiPSO [17-20]. This is due to the increased local interaction between Li ions and polyhedral 
units with the added oxygen, and it prevents some of the consumption of Li by the SEI in the 
first CV cycles. In Fig. 4.6 (b) and (c) The second and third cycles showed reversible oxidation 
peaks near 0.27, 0.5, 0.63, 1.3, and 2.6 V in the cathodic region, and those peaks are coupled 
with reduction peaks at 0.15, 0.9, and 1.6, V in the anodic side respectively. The first coupled 
peak can be explained as the redox reaction of Li+/Li [17-20, 32]. The oxidation peaks at 0.5 and 
0.63 V are very closely positioned and their coupling peaks show a broadened reduction peak 
near 0.9 V in the anodic side. This may show the redox reaction of the thiosilicate and 
thiostannate, respectively [23]. The oxidation peak observed near 1.3 and coupled with the 
reduction peak near 1.6 V corresponds to the redox reaction of thiophosphate [23]. Finally, the 
oxidation of sulfide corresponds to the oxidation peak near 2.6 V in the cathodic region [23]. The 
voltage plateau was observed over 2.6 V, and there were no signs of reaction peaks to the set 
limitation voltage, 5V. Thus, the tested SEs are stable at high voltage operation without 
decomposition.       
In Fig. 4.7 (a), (b), and (c), the Li10[Sn0.3Si0.7]P2S12-xOx samples showed similar peak 
positions to the Sn = 0.2 samples. However, the intense peak of the redox Li redox reaction was 
not observed in the pure sulfide sample. This is hypothesized to be caused by the increased 
content of tin in the crystalline structure interfering with Li ion diffusion when compared to the 
Sn = 0.2 samples. It eventually causes less reaction on the interface of the SE and Li metal 
electrode.      
In the CV, a sudden rapid size change can be evidence of the unstable electrochemical 




multiple cycles. The samples were determined to have good electrochemical stability with the 
substitution of oxygen and tin in the crystal structure. 
 
4.4.3 Battery Cycling Test 
The battery cycling results with various current densities are shown in Fig. 4.8 (a), (b), 
and (c). The cold pressed SE has an uneven surface on the microscopic regime, thus the surface 
may have pore-like spaces between the SE and Li metal. The empty space can act like a trap and 
accumulate Li during plating and stripping cycles. Thus, the pores can increase the interfacial 
resistance by interrupting the Li diffusion. To minimize the undesired Li trap, the starting cycles 
was run with a very low current density of 0.1 mA/cm2 over 30 cycles. The low current was 
intended to plate the Li on the both sides of SE surface. The samples for battery cycling were 
selected based on the time dependent impedance results. The x = 0.3 samples in each of the 
LSiPSO and LsnSiPSO series were tested as a symmetric battery. The tested batteries generally 
failed due to an internal short-circuit when the set current density increased to over 0.3 mA/cm2. 
However, the LSiPSO0.3 sample revealed a much lower stability compared to the LSn0.2SiPSO 
and LSn0.3SiPSO samples. The LSiPSO0.3 sample showed a gradual growth of the overpotential 
voltage with time and cycles during the low current density run. Batteries failed at the slightly 
increased current density of 0.2 mA/cm2 resulting in a substantially noisy voltage profile. The 
noisiness does not designate the complete short-circuit of the battery, but rather indicates a 
regional break out of the SE or Li dendrite growth causing soft short-circuit through cycling. 
Eventually, the battery was stopped when the profile exhibited the 0 V which means the 




In Fig. 4.8 (a) to (c), the LSnSiPSO0.3 samples revealed stable cycling and less 
overpotential voltage growth over time compared to the LSiPSO0.3 sample. However, the 
overpotential increase amplified when the current density was increased up to 0.3 mA/cm2. The 
rapid voltage increase under constant current condition can be simply explained with Ohm’s law. 
Voltage, V, is directly related to the increase and decrease of R, the resistance, while I, 
the current, remained constant. The rapid voltage increase means the inner cell resistance of the 
battery increased with the higher current density. The higher resistance causes the battery failure 
by eventually interrupting the Li ion diffusion. In the comparison between the Sn = 0.2 and 0.3 
samples, the LSn0.3SiPSO0.3 sample revealed a more stable cycling profile than the Sn = 0.2 
sample with lower increase of overpotential voltage and lower inner cell resistance. 
 
4.5 Conclusions 
The LSiPSO and LSnSiPSO samples were analyzed to identify their electrochemical 
properties by assembling symmetric and asymmetric cells. The time dependent impedance 
analysis was conducted to observe the chemical stability of the synthesized SEs. The pure 
sulfide, LSiPS sample, showed a higher initial resistance than the LSnSiPS samples, however the 
impedance evolution over time was much more gradual than the pure sulfide LSnSiPS. The rapid 
development of the impedance in the tin samples was expected due to the reaction of Sn and Li. 
However, the Sn reaction was significantly reduced with the addition of oxygen in the 
LSnSiPSO materials. The oxygen greatly improved chemical and electrochemical stability in the 
samples. For the LSiPSO samples, the initial impedance waned due to the increase in the highly 
ionically conductive phase as described in our previous report on the LSiSPO series. Further 




measurements. The initial CV cycling showed the general irreversible reaction of the formation 
of the SEI. The SEI formation includes the reaction of Li, Si, and Sn with the decomposition of 
the SE. The subsequent CV cycles revealed reversible redox reaction peaks of thiosilicate, 
thiostannate, thiophosphate, and sulfide species. The CV curves gradually increased in size over 
time, implying that there were continuous reactions, probably related to the SEI layer formation. 
The growth of the SEI layer increased the inner resistance of the battery cell, and deteriorated the 
battery performance by interrupting the Li ion diffusion through the SEI layers and across the 
SE.  
The continuous development of the SEI layer from the CV result was confirmed in the 
battery cycling test. Comparison of the LSiPSO0.3 and the LSnSiPSO0.3 samples showed the tin 
containing samples have much higher electrochemical stability. Even at low current density (0.1 
mA/cm2) the LSiPSO0.3 samples started soft short-circuit and the overpotential voltage growth 
rapidly developed at 0.2 mA/cm2. However, the LSnSiPSO0.3 samples were run up to 0.3 
mA/cm2 without a significant increase of the overpotential voltage. The overpotential voltage 
development is closely related to the internal resistance growth.  The internal resistance is 
partially explained by the gradual and continuous interfacial reaction that generates the SEI, and 
the growth of the SEI physically impedes the Li ion diffusion between the SE and Li metal.  
Additionally, the embedded pores and creases within the SE layer create extra resistance for the 
Li ion diffusion, although the undesired physical traps inside the SE layer are an inherent result 
of the cold press process used to prepare the SE disc. This eventually lowers the Li+ ion 
conductivity of the SE and the resistance of the SE layer increases. This is expected that the Li+ 
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Figure 4.1 A simple schematic of the ASSB jacket and inner components is given. The 
assembled ASSB jacket was pressed with the top and bottom external electrodes was 
fastened with volts and nuts to apply a moderate pressure to the Li metal to reduce an 
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Figure 4.2 (b) Time dependent impedance measurement of the Li10SiP2S11.7O0.3 sample. The 
initial impedance was reduced by the addition of oxygen to the crystal structure. 
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Figure 4.2 (c) Time dependent impedance measurement of the Li10SiP2S11O1 sample. The initial 
impedance was reduced by the addition of oxygen to the crystal structure. However, 
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Figure 4.3 (a) Time dependent impedance measurement of the pure sulfide Li10[Sn0.2Si0.8]P2S12 
sample. The initial impedance was significantly reduced by the addition of tin to the 
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Figure 4.3 (b) Time dependent impedance measurement of the Li10[Sn0.2Si0.8]P2S11.7O0.3 sample. 
The initial impedance was significantly reduced by the addition of tin to the LSiPS 
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Figure 4.4 (a) Time dependent impedance measurement of the pure sulfide Li10[Sn0.3Si0.7]P2S12 
sample. The initial impedance was significantly reduced by the addition of tin to the 
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Figure 4.4 (b) Time dependent impedance measurement of the Li10[Sn0.3Si0.7]P2S11.7O0.3 sample. 
The initial impedance was significantly reduced by the addition of tin to the LSiPS 
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Figure 4.5 (a) The cyclic voltammetry measurement with the pure sulfide Li10SiP2S12 sample. 
The first cycle showed the formation of the SEI by the irreversible chemical reaction 
























Figure 4.5 (b) The cyclic voltammetry measurement with the Li10SiP2S11.4O0.6 sample. The first 












































Figure 4.6 (a) The cyclic voltammetry measurement with the pure sulfide Li10[Sn0.2Si0.8]P2S12 
sample. The first cycle showed an irreversible consumption of the SE similar to the 
LSiPS by SEI formation, however the added Sn participates to the SEI reaction. The 























Figure 4.6 (b) The cyclic voltammetry measurement with the Li10[Sn0.2Si0.8]P2S11.4O0.6 sample. 














































Figure 4.7 (a) The cyclic voltammetry measurement with the pure sulfide Li10[Sn0.3Si0.7]P2S12 
sample. It is expected that the SEI formation was occurred in the first CV cycle, 



















































































Figure 4.8 (a) The battery cycling test with the Li10SiP2S11.7O0.3 sample. The battery was shorted 












































Figure 4.8 (b) The battery cycling test with the Li10[Sn0.2Si0.8]P2S11.7O0.3 sample. The applied 
current density of 0.3 mA/cm2 was the limit condition to the tested battery. The 
overpotential voltage was developed over 5 V eventually with the increase of the 





































Figure 4.8 (c) The battery cycling test with the Li10[Sn0.3Si0.7]P2S11.7O0.3 sample. The applied 
current density of 0.3 mA/cm2 was the limit condition to the tested battery. The 
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 GENERAL CONCLUSIONS AND FUTURE WORK 
5.1  General Conclusions 
The silicon based Li10SiP2S12 (LSiPS), a Li10GeP2S12 (LGPS) type material, has some 
issues compared to its parent material LGPS. The LSiPS contains a large quantities of primary 
impurities including β-Li3PS4 and Li4SiS4 that deteriorate the Li
+ ion conductivity of the solid 
mixture. Additionally, the sulfide materials easily react with the atmosphere and moisture, and 
the oxidation of LSiPS reduces the material’s ionic conductivity by the decomposition of the 
material. In this study, intentional oxygen substitution was investigated, and the LSiPSO 
materials showed good Li+ ion conductivity while the chemical and electrochemical stability of 
the material is expected to be improved. Further experiments included Sn substitution in the 
LSiPSO system and the LSnSiPSO samples were prepared. Based on the structure and phase 
properties analysis of the LSiPSO and LSnSiPSO materials, electrochemical and chemical 
properties of the LSiPSO and LSnSiPSO materials were measured and tested with the ASSBs in 
this study. 
 
In chapter 2, the structures and phase properties of the LSiPSO were examined. It was 
determined that the Li+ ion conductivity of Li10GeP2S12-xOx (LGPSO) gradually decreases with 
increasing oxygen doping. However, in the LSiPSO system, the addition of oxygen increased the 
Li+ ion conductivity compared to the pure sulfide sample, LSiPS. To identify the relationship 
between the conductivity increase and the change in the material’s structure and properties, the 
samples were analyzed using Raman, FT-IR, solid-state NMR, XRD, and Rietveld refinement. 
The crystal phases including the LGPS-like β-Li3PS4, and Li3PO4 were identified using XRD and 




using those techniques. The Raman and FT-IR showed the presence of the P-S and P-O bonding, 
and then 31P and 29Si NMR was conducted to determine the P, S, and O containing polyhedral 
units in the crystal structure. The deconvolution of 31P spectra showed P centered tetrahedral 
units including pure sulfide, oxy-sulfide, and pure oxide units. The deconvolution of 29Si spectra 
showed two Si centered tetrahedral unit peaks, and they were identified as SiS4 from the LGPS-
like structure and Li4SiS4. The Li4SiS4 was not observed in the XRD analysis because of its low 
concentration. Possible silicate species such as SiS3O, SiS2O2, SiSO3, and SiO4 were not 
observed in either XRD or NMR. This demonstrates that oxygen selectively bonds to P atoms in 
the crystal structure of the LSiPS. 
 
In chapter 3, the addition of Sn in the LGPS like LSiPSO structure is discussed. The Eact  
vs Li+ ion conductivity trend between y = 0. 2 and 0.3 samples showed that higher amounts of Sn 
participation at the 4d site can enhance local polyhedra stabilization and act as a buffer against 
crystal structure shrinkage due to the high oxygen substitution. The analysis was conducted using 
the same methods as the investigation of the LSiPSO system, with the addition of 119Sn solid-
state NMR. A new crystalline phase, Li7PS6, was identified with XRD analysis. The quantitative 
analysis on the crystalline phase distribution provided evidence that the phase purification effect 
with the oxygen substitution was improved with the additional Sn substitution. The purification 
effect in the LSnSiPSO was enhanced because the addition of Sn at the 4d site created closer 
crystal structure properties to that of the parent LGPS structure. 31P and 29Si solid-state NMR 
results showed the same local structure as studied in the LSiPSO, but with a lower population of 
the local units from impurities such as the P0 and Si0 unit of β-Li3PS4 as well as low population 
of Li4SiS4. These results confirm the improved phase purification effect. The 




no information about silicate species. 119Sn solid-state NMR showed the same Sn centered 
tetrahedral unit, SnS4, from the LGPS type crystal, however there were no clear signs of tin 
oxide units such as SnO and SnO2. The solid-state NMR results revealed that the substituted 
oxygen selectively bonds to P centered local units. 
 
In chapter 4, the electrochemical properties of the LSiPSO and LSnSiPSO systems were 
examined using symmetric and asymmetric cells. The time dependent impedance tests showed a 
higher initial impedance in the LSiPS sample compared to the LSnSiPS samples (Sn = 0.2 and 
0.3 in the formula). However, the impedance increase over time was considerably larger with the 
pure sulfide LSnSiPS samples. The rapid growth is a result of the added Sn reacting with the Li 
metal on the interface between the SE and Li metal electrode. The interfacial reaction of Sn was 
found to be substantially reduced and suppressed by the oxygen substitution, confirming that the 
added oxygen increased the chemical and electrochemical stability. To determine the surface 
reactions, cyclic voltammetry measurements were carried out on SE samples. There was an 
irreversible reaction forming the solid-state interface (SEI) layer with the first cycle of CV. The 
formation of SEI implies that the consumption of SE and Li metal electrode in the reaction. The 
following CV cycles showed reversible reaction peaks that relate to the redox reaction of 
thiosilicate, thiostannate, thiophosphate, and sulfide species. Finally, the battery cycling tests 
were conducted on samples with a small concentration of oxygen, as the x = 0.3 samples in each 
series showed the most stable impedance measurements. The tested batteries failed when the 
loaded current density over 0.3 mA/cm2. However, the LSnSiPSO samples showed much less 
development of overpotential voltage and they displayed milder short-circuiting behavior 




in the material increases the chemical and electrochemical stability. The battery failure can result 
from two main causes. First, there can be a continuous SEI formation reaction during battery 
cycling. The accumulation of the SEI layer creates a longer path for Li ions to travel and causes 
an increase in physical resistance. Therefore, the entire battery resistance increases significantly 
and it leads the eventual failure. Second, the cold pressing process used to prepare the SE can 
create internal and surface pores.  Pores can trap passing Li ions and contribute to dendrite 
growth and circuit shorting.  
 
5.2 Recommendations for future research 
In this thesis, the LSiPSO and LSnSiPSO highly Li+ ion conductive materials were 
characterized by crystallography and spectroscopic methods such as XRD, Rietveld refinement, 
Raman, FT-IR and Solid-state NMR. Furthermore, to examine electrochemical properties and 
stability, the materials were tested with cyclic voltammetry, time dependent impedance 
measurements, and battery cycling. The LSiPSO and LSnSiPSO materials are not easy to prepare 
and characterize. It is limited because sulfide-based materials are sensitive to air and moisture 
due to the material properties varied by synthesis method, and battery fabrication. For those 
reasons, the research can be extended as follows. 
    
1) Phase variance and the related Li+ ion conductivity  
The LSiPSO and LSnSiPSO materials are solid mixtures, containing several crystalline 
phases mixed in bulk. However, it has been reported that LGPS type materials has been 




mechanical milling used here was only used for synthesis of a solid mixture to observe the phase 
distribution between high and low Li+ ion conductivity phases causes by the substituted 
elements. Thus, synthesis of solid solution or glass-ceramic state materials with the same 
composition could be a further investigation to reveal the optimized material synthesis process 
for the Si based LGPS type material.     
 
2) Sintering the SE disc after cold pressing  
A contributing factor to the increase in battery resistance is the quality of densification of 
the cold pressed SE disc. From the battery cycling test, one of the causes of the development of 
the overpotential voltage is embedded pores in the SE layer. The pores can act as a Li ion trap to 
Li ions passing through the SE and increase resistance over time. The sintering process may 
improve the densification of the SE disc by decreasing pore size and increasing grain size of the 
SE particles. The optimization of the SE density should improve the Li conductivity by 
preventing resistance increases. 
 
3) Fabrication full battery cell and the surface modification to apply Li metal as electrode 
The surface condition and chemistry of the solid-state electrolyte can negatively affect 
the battery performance when used with a Li metal electrode. For example, the Li metal 
electrode can react with the oxygen species on the surface of the SE and generate an irreversible 
oxide layer which consumes the electrolyte. Another issue is that if the surface of the electrolyte 
is not smooth enough, there are pores between the Li metal electrode and the electrolyte that lead 
to the accumulation of Li metal and increase surface resistance. Therefore, there are many 




electrolytes. For surface modification of the LSiPSO and LSnSiPSO, the coating the surface with 
aluminum generally increases surface stability with lessens reaction with the cathode material.  
Additionally, pre-depositing Li metal on the solid-state electrolyte reduces the surface resistance. 
With the surface investigations above, an optimized cathode and anode materials with the LGPS 
type SEs are not clearly identified and applied yet. Thus, the further research of the cathode and 
anode material along with the LGPS type SEs, and fabrication the full ASSB will be a 
meaningful goal for future study.           
 
 
